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ABSTRACT OF DISSERTATION 
FACTORS INFLUENCING MARE MILK AND FOAL GASTROINTESTINAL 
HEALTH 
Foals are born lacking a functional microbial community in their 
gastrointestinal tract (GIT). However, these microbes quickly colonize after birth. 
Factors influencing the process of microbial colonization and health of the foal’s 
gastrointestinal tract, such as milk yield and composition, are not well understood. 
Milk contains non-lactose carbohydrates termed “oligosaccharides”, which serve as 
prebiotics in human neonates and may serve a similar function in foals. Three animal 
studies were conducted to evaluate factors influencing mare milk and digestive health in 
the foal. In experiment 1, bacteria were enumerated and identified in foal feces and 
the utilization of different carbohydrates by bacterial isolates were evaluated. The 
results indicated that microbes change rapidly in the foal’s GIT and that the 
pioneer species are able to utilize carbohydrates found in milk. Experiment 2 
compared milk yield and composition, including oligosaccharides, of mares fed 
concentrates either high or low in nonstructural carbohydrate (NSC). In turn, the 
influence of milk composition on foal diarrhea and microbial colonization was 
investigated. A method was developed to analyze milk oligosaccharides, which were 
highest 12 h after birth and decreased by 7 d postpartum. Feeding the high NSC 
concentrate increased milk yield, driven by an increase in lactose synthesis. Maternal diet 
did not affect foal bacteria, but the incidence of diarrhea was related to the amount of 
lactobacilli, lactate-utilizing bacteria, and cellulolytic bacteria. Experiment 3 explored 
relationships between mare milk yield, forage intake and consumption of maternal feces 
by foals, and fecal bacteria. A novel method for detecting coprophagy was 
developed. Foals from low milk producing mares consumed more fiber compared to 
foals from high producing mares. All foals consumed maternal feces during the first 3 
wk of life. Mare feces appear to provide fiber for foals and also serve as a source of 
inoculum, aiding in microbial colonization, particularly for cellulolytic bacteria. By 
understanding the factors capable of influencing the development of the foal’s GIT, 
improved management strategies to optimize foal growth and GI health may be 
possible.  
KEYWORDS: microbial colonization, foals, mare milk, milk oligosaccharides 
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CHAPTER 1: INTRODUCTION  
Gastrointestinal (GI) health of young foals is of significant interest in the equine 
industry. Diarrhea and other GI diseases can incur costs and compromise foal welfare. In 
the adult horse, the GI microbial community plays a vital role in many aspects of 
digestion and is also important for pathogen resistance. It is likely that the establishment 
of a normal microbial community is important to GI health in foals as well. The microbial 
community in the foal’s GI tract begins to establish within the first day of birth, before 
the foal begins consuming solid feed (Faubladier et al., 2013; Costa et al., 2015b). Thus, 
components in mare milk may be serving as substrate for the initial colonizers in the foal 
GI tract. However, the role of milk in the development of the GI microbial community of 
foals has not been investigated.   
Non-lactose carbohydrates have been identified in the milk of many species and 
are referred to as milk oligosaccharides (MO) (Monti et al., 2015). These 
oligosaccharides are resistant to enzymatic digestion in the small intestine and serve as 
substrate for bacteria in the human infant’s GI tract (Bode, 2012; Albrecht et al., 2014a). 
Milk oligosaccharides have been identified in mare milk (Difilippo et al., 2015; Karav et 
al., 2018). However, the impact of MO on microbes in the foal’s GI tract is yet to be 
determined. Furthermore, factors impacting the synthesis of MO in mares have not been 
investigated.     
The diet of the neonatal foal consists primarily of milk, however, foraging 
behavior begins soon after birth and increases with age (Crowell-Davis et al., 1985; 
Bolzan et al., 2020). In addition, consumption of maternal feces by foals begins early in 
life and is considered a normal behavior. The acquisition of fiber via foraging behavior or 
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consumption of maternal feces may be particularly important for the establishment of 
cellulolytic bacteria in the foal’s GI tract. Similarly, maternal feces may be an important 
source of inoculum for the foal’s GI microbial community.  
The overall aims of this dissertation are to evaluate the effect of maternal diet on 
mare milk production and composition, including MO, to evaluate factors affecting the 
microbial community of the foal’s GI tract, and assess relationships among GI health of 
the foal, the maternal diet, mare milk, microbial colonization, coprophagy, and fiber 
intake. These studies will improve our understanding of the factors involved in microbial 
colonization of the foal’s GI tract and provide direction on the most desirable diets for 

















CHAPTER 2: LITERATURE REVIEW  
Carbohydrates and Carbohydrate Digestion in the Equine Gastrointestinal Tract 
Horses are classified as non-ruminating roughage grazers (Ellis and Hill, 2005). 
The stomach of monogastric animals, including horses, consists of a single compartment 
in contrast to ruminants which have a multi-compartment stomach. Equids are also part 
of a group of herbivores referred to as hindgut fermenters, which includes rhinoceros, 
elephants and rabbits. Hindgut fermenters have a highly developed large intestine that has 
evolved to process carbohydrates in plant material that are not digested in the foregut. In 
particular, the cecum and colon are very distinct in hindgut fermenters; the cecum is a 
large sacculated fermentation vat, and the colon can be divided into four sections: right 
ventral, left ventral, left dorsal, and right dorsal. The cecum and colon are functionally 
similar to the rumen and reticulum, housing an active microbial community that forms a 
symbiotic relationship with the host by aiding in nutrient digestion. 
 The diet of most adult horses consists primarily of forages, either as fresh pasture 
or conserved as hay. The constituents of forages can be divided into two main categories: 
the structural cell walls and the non-structural cell contents. The structural cell walls are 
comprised of cellulose, hemicellulose, pectin, structural proteins, and lignin. The 
complex structural carbohydrates (cellulose, hemicellulose, and pectin) are not 
enzymatically digested in the foregut of the horse. Instead, they pass to the hindgut where 
they are fermented by the microbial community and converted to volatile fatty acids 
(VFA) that are absorbed and utilized as energy by the horse (Argenzio et al., 1974). 
Lignin, while not a carbohydrate, is a group of indigestible compounds that are closely 
associated with the structural carbohydrates in plant material. 
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 The non-structural carbohydrate (NSC) components of the plant cell contents are 
comprised mainly of simple sugars, glucose, fructose, sucrose, and starch. Most of the 
cell contents are highly digestible in the foregut of horses. Fructan (a type of storage 
carbohydrate) is not enzymatically digested in the foregut and is utilized by the microbial 
community in the hindgut of horses (Ince et al., 2014).  
The various carbohydrates found in forage typically provide enough energy to 
meet the energy requirements of mature, idle horses. However, some physiological 
classes of horses, including broodmares, have higher energy requirements that are not 
met by forage alone. Therefore, horses with increased energy requirements are typically 
fed concentrate feeds containing cereal grains to increase their dietary energy. The 
primary energy source in cereal grains is starch, which is comprised of amylose and 
amylopectin.   
Digestion of carbohydrates by the horse begins in the mouth, with chewing to 
reduce particle size. The saliva of horses is mostly water with less bicarbonate and 
sodium and more calcium and chloride than ruminants. Furthermore, horses have very 
low secretion of digestive enzymes in saliva, and therefore, digestion of carbohydrates in 
the mouth is negligible (de Fombelle et al., 2003).  
Very few digestive enzymes are secreted in the stomach of the horse. Pepsinogen 
and lipase are the only two digestive enzymes and they are secreted by the chief cells in 
the fundic (secretes pepsinogen and lipase) and pyloric (secretes pepsinogen) mucosa 
(Moreau et al., 1988). Although some digestive enzymes are secreted in the stomach, 
there is no gastric secretion of amylase or brush-border disaccharidases. However, starch 
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disappearance from the stomach has been reported (Varloud et al., 2004) and because 
gastric amylase is absent, microbial fermentation may be the source.  
Although the major site of microbial fermentation occurs in the hindgut of horses, 
previous work has found a complex microbial community in the stomach of the horse (de 
Fombelle et al., 2003; Al Jassim et al., 2005; Varloud et al., 2007; Perkins et al., 2012). 
Members of the amylolytic functional group have been identified in the stomach of the 
horse, including lactobacilli and streptococci (Costa et al., 2015a). Although the 
functional group is termed “amylolytic bacteria”, they also utilize other compounds such 
as lactose, maltose, and other oligosaccharides and produce primarily lactic acid. 
Short chain fatty acids and lactate are the main end products of gastric 
fermentation (Nadeau et al., 2000; de Fombelle et al., 2003; Varloud et al., 2007; Perkins 
et al., 2012). Nadeau et al. (2003) determined that VFAs produced by microbial 
fermentation enter the non-glandular mucosa at pH ≤ 4.0. The lactic acid produced by 
fermentation in the stomach may be used by lactate-utilizing bacteria to produce other 
VFAs or flow to the small intestine where it should be absorbed. An important 
mutualistic relationship exists between the lactate-producing bacteria and lactate-utilizing 
bacteria. 
Enzymatic digestion of dietary starch begins in the small intestine of the horse 
where pancreatic enzymes are secreted and hydrolyze glycosidic bonds. Pancreatic 
amylase initiates carbohydrate digestion in the lumen and will cleave the α-1,4 linkages 
of starch molecules, but will not cleave the α-1,6 linkages or the terminal α-1,4 linkages 
(Kienzle et al., 1994). The end products of amylase activity are disaccharides and 
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oligosaccharides. Brush border membranes are present along the mucosa of the small 
intestine and complete hydrolysis of NSC to yield glucose, galactose, and fructose (Dyer 
et al., 2002). These free sugars are readily absorbed in the proximal small intestine and 
provide high energy yield in comparison to the VFAs produced by fermentation in the 
hindgut. 
Bacteria detected in the small intestine of horses include: amylolytic bacteria, 
lactate-utilizing bacteria, and cellulolytic bacteria (de Fombelle et al., 2003). Although 
cellulolytic bacteria were detected, they have not been found to exceed 3.0 x 102 cfu/ml 
(Kern et al., 1974; de Fombelle et al., 2003). In contrast, lactobacilli, streptococci, and 
lactate-utilizing bacteria ranged from 107-109 cfu/ml in the small intestine (Alexander and 
Davies, 1963; de Fombelle et al., 2003). Little is known of the role of bacteria in the 
digestion of carbohydrates in the small intestine or the absorption of VFAs and lactate 
produced by fermentation. It is probable that the small intestine of the horse functions 
similarly to sheep, with the ability to absorb lactate via active transporters (Ding and Xu, 
2003).  
Non-structural carbohydrates can be well digested in the foregut of the horse, 
however, large amounts of dietary starch can exceed enzymatic capacity, resulting in 
NSC’s entering the hindgut intact. The extent of enzymatic digestion of starch in the 
small intestine is dependent upon several factors including the level of intake, origin, and 
processing of the cereal grains (Radicke et al., 1991; Potter et al., 1992; Meyer et al., 
1995; de Fombelle et al., 2004) 
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When starch reaches the hindgut it is rapidly fermented by the microbial 
community. Proliferation of amylolytic bacteria in the hindgut occurs with an increase in 
available substrate, leading to an increase in lactic acid production (Julliand et al., 2001). 
Excessive lactic acid production decreases hindgut pH, inhibiting many bacteria (e.g. 
cellulolytic bacteria) and ultimately altering the dynamics of the microbial community 
(de Fombelle et al., 2001; Medina et al., 2002; Willing et al., 2009). Alterations in the 
microbial community can have significant effects on the health of the horse and has the 
potential to lead to gut pathologies such as acidosis and colitis (Al Jassim and Andrews, 
2009; Costa et al., 2012). 
Lactobacilli and streptococci, two important amylolytic bacteria, were more 
numerous in the colon than in the cecum, 107 and 106 cfu/ml, respectively (de Fombelle et 
al., 2003). Similarly, lactate-utilizing bacteria were also more numerous in the colon than 
in the cecum, 106 and 105 cfu/ml, respectively (de Fombelle et al., 2003). These 
functional groups tend to associate with the rapidly fermentable substrates available in 
the hindgut, such as starch that has bypassed enzymatic digestion. Rapidly fermented 
carbohydrates are typically part of the liquid phase of the digesta and therefore evade the 
cecum, which may result in more amylolytic bacteria in the lower hindgut.  
Amylolytic bacteria play an important role in the microbial ecology of the 
gastrointestinal tract, however, the bacteria in this functional group are not all equal. 
Lactobacilli can have positive health benefits by preventing the proliferation of 
pathogenic bacteria (Brook, 1999; Fooks and Gibson, 2002). In contrast, other starch-
utilizers, such as streptococci, may have negative health effects. Increasing Streptococcus 
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spp. have been associated with a disturbance in the microbial community and also 
implicated in the onset of laminitis (Bailey et al., 2004; Milinovich et al., 2008).  
Lactic acid production is considered an intermediate product of starch 
fermentation and is further metabolized into VFA that are absorbed by the animal. This 
process may be accomplished by many different bacteria including Megasphaera and 
Veillonella which are also known as “lactate-utilizing bacteria” (Daly et al., 2001; 
Shepherd et al., 2012; Biddle et al., 2013b). 
Structural carbohydrates and fructans are not digested in the foregut of the horse, 
but rather pass on to the hindgut of the horse where they are utilized by the microbial 
community. Acetate is the main VFA produced by fermentation of structural 
carbohydrates, additionally butyrate and propionate are also produced by the microbial 
community in the hindgut of the horse (Moore-Colyer et al., 2000).  
Cellulolytic bacteria are a functional group of microorganisms that produce 
enzymes capable of processing complex structural carbohydrates. The hindgut of the 
horse, including the cecum, dorsal and ventral colon are the primary sites of fiber 
digestion by cellulolytic bacteria. The total number of cellulolytic bacteria are not 
different between the cecum and colon, however the proportion of cellulolytic bacteria 
among total anaerobes is greatest in the cecum compared to other segments of the horse’s 
GIT (de Fombelle et al., 2003). The sacculated structure of the hindgut of the horse 
increases the retention time of the digesta in these segments compared to the prececal 
segments of the horse’s GIT (Miyaji et al., 2008). Increasing the exposure time of the 
microbes to the substrate allows for greater extent of digestion (Koller et al., 1978). Three 
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main species of cellulolytic bacteria have been identified in the hindgut of horses; 
Ruminococcus flavefaciens, R. albus, and Fibrobacter succinogens. These three species 
were first identified by morphological criteria (Bonhomme, 1986) and later using 
molecular-based techniques (Julliand et al., 1999; Hastie et al., 2008) with R. flavefaciens 
as the predominant cellulolytic species. 
Microbial activity in the GIT of horses yields the production of VFAs including 
acetate, propionate, butyrate, lactate, and valerate. The VFAs produced from microbial 
fermentation of carbohydrates are efficiently absorbed by passive diffusion or by using a 
monocarboxylate/H+ symporter (Argenzio et al., 1974; Argenzio et al., 1977). However, 
they do not yield as much energy as carbohydrates that are hydrolyzed and absorbed as 
monosaccharides in the small intestine. Furthermore, the metabolic pathways vary with 
the different VFAs. Acetate, the primary VFA produced in the hindgut, may be oxidized 
and used directly for energy (Pethick et al., 1993; Pratt et al., 2005), whereas propionate 
is used for gluconeogenesis in the liver (Simmons and Ford, 1991). There is little 
information on the role of butyrate in the horse, however, it is considered important in 
other species. Butyrate has been described as an important metabolic fuel for epithelial 
cells in the colon and important for differentiation in colonocytes in rats (Ziegler et al., 
2003). A similar role as a source of energy for ruminal tissue has been identified in cattle 
(Britton and Krehbiel, 1993). Furthermore, butyrate has also been shown have anti-
inflammatory effects (Andoh et al., 1999) and can influence blood flow (Mortensen et al., 
1990). A similar use of butyrate may exist in the horse.  
The concentration of valerate is relatively low compared to the other VFAs 
produced by microbial fermentation, thus it has received little research attention. When 
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lactate accumulates, lactate-utilizing bacteria, including Megasphaera elsdenii, will 
produce valerate (Hobson and Stewart, 1997). Valerate concentrations have been affected 
by changes in the diet of both ruminants (Lean et al., 2013) and in horses (Grimm et al., 
2017). Additionally, valerate is also correlated with other variables in the large intestine, 
including the number of lactate-utilizing bacteria (Grimm et al., 2017). Each VFA 
produced in the GIT appears to have an important role, and thus, are important to 
consider when evaluating factors affecting GI health in horses.  
Microbiological Techniques 
Studying the microbial community of the hindgut of horses may be accomplished 
by collecting samples from live animals fitted with cecal or colonic cannulas, post-
mortem, or from feces (de Fombelle et al., 2003; da Veiga et al., 2005; Harlow et al., 
2015). The use of feces provides a less intrusive and more ethically favorable alternative 
to cannulation or euthanasia. Fecal samples can easily be collected immediately after 
defecation by catch, from fresh droppings off of the floor, or directly from the rectum. 
There have been a few studies specifically comparing the fecal microbial communities to 
the different segments of the hindgut in horses. Using culture-based methods, studies 
found more total anaerobic bacteria in the feces than in the right ventral colon, however, 
fecal cellulolytic bacteria and fecal lactobacilli were reportedly similar to the right ventral 
colon (de Fombelle et al., 2003; da Veiga et al., 2005; Muller et al., 2008; Muhonen et 
al., 2010). There have also been several studies using molecular-based methods to 
investigate the differences in microbial community between feces and the hindgut of 
horses (Hastie et al., 2008; Dougal et al., 2012; Schoster et al., 2013; Costa et al., 2015a). 
The combined results of these studies suggest that fecal microbiome is similar to that of 
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the distal hindgut, but differs from the proximal part of the hindgut. This similarity to the 
hindgut is an important consideration when extrapolating data from the fecal microbial 
community because the cecum and ventral colon are crucial in the degradation of 
structural carbohydrates. Although feces may be representative of the hindgut, the fecal 
microbial community does not appear to be similar to that of the proximal portions of the 
gastrointestinal tract (stomach and small intestine).  
 Regardless of the origin of the samples, the techniques used to assess microbial 
communities are also diverse. In general, researchers have used either culture-based 
methods or molecular-based methods to investigate the complex microbial community in 
the hindgut of horses. Culture-based methods provide a means of quantifying specific 
functional groups of bacteria as part of the microbial community. Different growth media 
are utilized to culture microbial organisms under laboratory control to determine bacterial 
abundance. Along with information on the abundance of specific bacteria, culture-based 
methods also provide information on the functionality of specific bacteria. The major 
disadvantage to using culture-based methods is that only a small portion of bacteria from 
the hindgut of horses have been cultured (Pace, 1997). Media used for culture-based 
methods typically have a compound that promotes the growth of a specific functional 
group of interest or inhibits the growth of others, hence the term “selective media”. 
Therefore, specific growth requirements must be known in order to develop a media that 
is “selective” for the bacteria of interest. Another important factor to consider when using 
culture-based methods is sample handling. Previous work has found that sample storage 
time before inoculation of media and temperature during sample storage both influence 
numerations of lactobacilli and cellulolytic bacteria. Harlow et al. (2015) found that 
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storing fecal samples for 4 h at 37°C did not affect enumeration of Lactobacillus spp. 
when compared to enumerations immediately after sampling. However, lactobacilli 
decreased after 2 h when stored at room temperature (22°C-24°C) or 4°C, compared to 
initial enumerations. In contrast to lactobacilli, cellulolytic bacteria began to decrease 
after 2 h of storage regardless of storage temperature. Freezing samples before 
inoculating media is convenient, however, viability of rumen bacteria decreased when 
stored on ice or at 0°C before media inoculation (Dehority and Grubb, 1980). From these 
results, it is clear that sample handling is important when investigating gastrointestinal 
bacteria using culture-based methods and samples should be processed as soon as 
possible after collection.  
Molecular-based methods, such as PCR, fingerprint techniques, and high-
throughput sequencing, utilize microbial DNA to provide information on the overall 
diversity and shifts in the microbial community, commonly at higher classification levels 
(e.g. at the phyla level). A major advantage of using molecular-based methods is the 
ability to identify bacteria that have not been cultured (Pace, 1997). The resulting data 
can potentially be used to predict the conditions necessary to culture bacteria that have 
not previously been cultured. Molecular-based methods for evaluating the microbiome of 
the hindgut are able to provide more information on the microbial composition, however, 
some methods may not be able to detect low-abundance bacteria (Belanger et al., 2003). 
Another disadvantage of molecular-based methods is that no information is provided on 
the function of the bacteria. Culture-based and molecular-based methods used together 
would be ideal in providing information on the composition, as well as specific functions 
of the complex microbial community of the hindgut of horses.  
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Overall, the microbial communities found in the gastrointestinal tract of the adult 
horse are very complex and diverse. The use of culture-based and molecular-based 
methods have provided information on the presence and function of many different 
bacteria in the gastrointestinal tract of the adult horse and the various factors that 
influence this complex microbial community. We now know that microorganisms are 
present in differing proportions along the gastrointestinal tract and that diet composition 
greatly influences the presence and abundance of various functional groups. However, 
less is known about the succession of microbes in the neonatal gastrointestinal tract and 
the development of digestive processes.   
Development of the Foal Gastrointestinal Tract 
At birth, newborn foals must transition from continuous nutritional supply in 
utero to an intermittent nutrient supply via milk. During this transition period, the energy 
source utilized by the foal may vary. Using respiratory quotients, Ousey et al. (1991) 
investigated the energy sources utilized by the foal within the first 24 h of life. 
Carbohydrates stored in the liver and skeletal muscle were the first energy source used 
immediately after birth, followed by the utilization of stored body fat. The respiratory 
quotient stabilized at 0.82 within 2 to 4 h after birth, indicating a combination of 
carbohydrates and fat from colostrum and milk were supplying energy to the foal.  
Stimulation of hormone secretion differs between the first feeding after birth and 
subsequent feedings. Colostrum does not stimulate high secretion of gastrin (Ousey et al., 
1995). Subsequently, HCl and pepsinogen secretion in response to colostrum is also less 
than that of succeeding feedings (Ousey et al., 1995). Limiting pepsinogen and acid 
secretion in the stomach of the newborn foal will leave immunoglobulins intact and 
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available for absorption in the small intestine (passive transfer of immunity). The changes 
in gastric acid secretion in the newborn stomach is reflected by changes in gastric pH. 
Gastric pH is highest in newborn foals and decreases within the first 3 mo of life (Baker 
and Gerring, 1993). Furthermore, Murray and Grodinsky (1989) measured gastric pH in 
foals that were 20 d old to observe regional differences. The researchers reported a dorsal 
to ventral pH gradient, similar to what is seen in adult horses. The highest pH 
measurements (approximately 4.9) were recorded in the dorsal, non-glandular region of 
the stomach and the glandular mucosa had a lower pH (2.10) compared to the non-
glandular mucosa. The milk and fluid contents had the lowest recordings, pH of 1.85 
(Murray and Grodinsky, 1989). These results indicate that the stomach is functional 
before 20 d of age.  
Digestive enzymes capable of utilizing carbohydrates from milk have been 
detected in the gastrointestinal tract of the newborn foal. Roberts et al. (1973) found 
significant changes in lactase (beta-galactosidase) activity from newborn to maturity in 
the small intestine the horse. Lactase is a digestive enzyme capable of hydrolyzing 
lactose, the primary disaccharide in milk, into glucose and galactose that are readily 
absorbed. Two lactase enzymes have been detected in the small intestine of foals; neutral 
beta-galactosidase and acid beta-galactosidase. Neutral beta-galactosidase hydrolyzes 
lactose at an optimum pH of 6.0 and peaks in production at birth then progressively 
declines until it is no longer detected at 3 to 4 yr of age. In contrast, acid beta-
galactosidase has an optimum pH of 3.4 with maximum production occurring at 2 d of 
age, then decreases by 3 mo with little variation through adulthood. Low levels of acid 
beta-galactosidase remain detectible in the small intestine of adult horses (Roberts et al., 
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1973). Although lactase is the primary hydrolyzing enzyme in newborn foals, maltase 
and amylase continue increasing from birth until reaching adult capacity at 6 mo of age. 
Milk is the primary nutritional source for foals with lactose as the predominant 
carbohydrate. To utilize the lactose in milk, high amounts of lactase in the small intestine 
are necessary. As foals mature, time spent nursing decreases with a concurrent increase in 
time spent eating solids (Crowell-Davis et al., 1985). This change in time budget 
corresponds with a decrease in lactase and an increase in other digestive enzymes and the 
development of a functional gastrointestinal tract.  
Time Budgets of Foals and Microbial Colonization of the Gastrointestinal Tract of 
the Neonatal Foal 
Time spent foraging increases with age in foals (Crowell-Davis et al., 1985; 
Bolzan et al., 2020). Increasing time spent grazing, increases the amount of forage 
consumed, therefore increasing the ingestion of structural carbohydrates. In addition to an 
increase in foraging behavior, coprophagy has been noted as part of normal foal behavior 
(Bolzan et al., 2020). As previously described, horses do not produce the enzymes 
capable of digesting structural carbohydrates, instead structural carbohydrates are utilized 
as substrates for the microbial community of the hindgut in mature horses.  
Traditionally, it was thought that foals were born with a sterile gastrointestinal 
tract, thus, lacking the microbial community needed to ferment structural and non-
structural carbohydrates. However, microbial colonization of the GIT begins soon after 
birth. It has been suggested that early colonization of the GIT is similar among species 
(Mackie et al., 1999) with initial microbial colonizers coming from a variety of sources. 
These sources of inoculum may include the vagina during delivery, the skin when 
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searching for the mammary gland, the environment, and colostrum and milk. Research on 
the microbial colonization in other species suggests that the establishment of the 
microbial community in young animals may have an effect on the structure of the 
microbial community as an adult, therefore influencing the digestive efficiency 
(Thompson et al., 2008; Yanez-Ruiz et al., 2010). The VFA produced by microbes in the 
gastrointestinal tract may also influence maturation of the gastrointestinal tract (Alam et 
al., 1994; Frankel et al., 1994; Gordon et al., 1997). 
In the mature horse, the microbial community in the hindgut serves many 
functions including digesting nutrients, synthesizing vitamins, and protecting the horse 
from pathogens. Colonization by normal bacteria in the foal’s GIT is important to both 
digestion and in the prevention of pathogenic colonization. It is believed that pathogenic 
bacteria outcompeting the normal microbes can lead to neonatal diarrhea. Prevalence of 
foal diarrhea on farms ranges from 25 to 80% of foals (Frederick et al., 2009). Although 
diarrhea may affect a high percentage of foals, not all diarrhea requires treatment, but 
severe diarrhea can compromise foal health and be a source of economic loss.  
Pathogenic diarrhea is a threat to many neonates, including horses (Frederick et 
al., 2009). The rapid colonization of the gastrointestinal tract by beneficial bacteria may 
play an important role in preventing diarrhea. Competition for substrates and attachment 
sites on the epithelial cells by commensal bacteria has been observed as a method of 
preventing pathogenic bacteria in human intestines (Bernet et al., 1994). Some bacteria, 
such as lactobacilli, produce antimicrobial compounds that also aid in preventing 
colonization of pathogenic bacteria (Brook, 1999; Fooks and Gibson, 2002). A few 
studies have explored the use of probiotics to prevent neonatal diarrhea with species such 
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as lactobacilli, but have had minimal success (Weese and Rousseau, 2005; John et al., 
2015). Thus, focusing on the factors that promote colonization of commensal microbes, 
such as milk composition, may prove more successful in preventing neonatal diarrhea. 
Diet can influence the microbes present in mature horses (de Fombelle et al., 
2001; Harlow et al., 2016b). Harlow et al. (2016b) reported that starch source impacted 
the number of amylolytic and cellulolytic bacteria in the feces of mature horses. Earing et 
al. (2012) reported that the microbial community established in foals is more similar to 
their dams’ than to other foals’ microbiota. In an earlier study, we hypothesized that 
starch source in the maternal diet would alter the colonization process in foals (Pyles, 
2016). In that study we observed differences in the foal microbiota (Figure 2.1), but there 
were no differences in the microbiota of the mares. During the first few days of life, foals 
do not consume much solid feed and milk is their primary nutrient source. Therefore, 
milk likely provides substrate for the initial colonizers of the foal’s GIT. We 
hypothesized that the composition of the maternal diets may have altered the milk 
composition that may have led to the differences in fecal bacteria of the foals. 
Importance of Milk Oligosaccharides 
The normal, mutualistic bacteria would not be able to colonize the foals’ GIT 
without available substrate. Early colonizers of the foal’s microbial community include 
amylolytic bacteria and lactobacilli which utilize carbohydrates as substrates. Thus, 
focusing on carbohydrates in mare milk may provide information on factors influencing 
the developing microbiome in the neonatal foal.  
The primary carbohydrate in milk is lactose, but in human medicine, it is now 
widely recognized that maternal milk contains many different carbohydrates including 
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milk oligosaccharides (Bode, 2006). Over 200 individual oligosaccharides have been 
identified in human milk. These compounds are composed of 5 monosaccharides; 
glucose, galactose, N-acetylglucosamine, fucose, and sialic acid. Milk oligosaccharides 
are not digested by enzymes in the GIT of mammals (Engfer et al., 2000; Gnoth et al., 
2000) but rather provide substrate for the microbes in the neonatal GIT (Marcobal et al., 
2010; Asakuma et al., 2011). In the past decade, milk oligosaccharides (MO) have gained 
an increasing amount of attention because of the many beneficial functions identified in 
humans, including prebiotic, antibiotic, and immunomodulatory effects (Kunz et al., 
2000; Bode, 2012; Kulinich and Liu, 2016).  
Milk oligosaccharides have both systemic and local effects in the GIT of the 
neonate. One mode of action for protecting the GIT is by serving as decoy binding sites, 
which prevent pathogens from binding to the intestinal lining and causing disease 
(Newburg et al., 2005). Milk oligosaccharides may provide additional protection against 
pathogenic proliferation as prebiotics, serving as substrates for colonization of beneficial 
microbes in the GIT (Marcobal et al., 2010; Schwab and Ganzle, 2011). Promoting the 
establishment of commensal bacteria will promote a healthy microbial community 
through competitive exclusion against opportunistic pathogens.  
Milk oligosaccharides can influence systemic processes in the neonate, such as 
inflammation and immune function by influencing different cell populations (Kulinich 
and Liu, 2016). Oligosaccharides have a local immune effect in the GIT by increasing 
barrier function by influencing goblet cell function (Holscher et al., 2014). Goblet cells 
produce mucins that serve as a lubricant and a protective barrier. Additionally, MO 
supplementation can have systemic effects on the immune system. Goehring et al. (2016) 
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evaluated immune outcomes of infants that were breastfed or fed formula with or without 
added MO. The authors reported that the MO-supplemented infants had similar plasma 
inflammatory cytokines to breastfed infants and had fewer inflammatory cytokines than 
the non-supplemented infants.  
Relatively little is known about the factors affecting oligosaccharide 
concentration in milk. Changes over time in the concentration of individual 
oligosaccharides has been demonstrated. In human milk, the concentration of 
oligosaccharides is the greatest in colostrum then decreases over time, in contrast to 
lactose which increases over time (Coppa et al., 1993). Differences in milk 
oligosaccharide concentration has been observed in women in different geographical 
locations (McGuire et al., 2017). Differences were observed between women despite 
expected genetic similarity. These results led the authors to believe that environmental 
factors, such as diet, may have led to the differences in MO. A recent study investigated 
the effect of diet on MO in women (Seferovic et al., 2020). Women consuming a diet rich 
in carbohydrates produced higher concentrations of MO containing sialic acid compared 
to women consuming an isoenergetic high fat diet.  
Mare Milk Oligosaccharides  
Only a few studies have investigated oligosaccharide content or function in mare 
milk. Studies have demonstrated that mare milk shares similar MO with bovine and 
porcine milk (Albrecht et al., 2014b; Difilippo et al., 2015; Monti et al., 2015). However, 
a higher number of MO are shared between mare milk and human milk than between 
human milk and milk from ruminant species (Difilippo et al., 2015; Seferovic et al., 
2020). Thus, investigating the composition of mare milk and the function of its 
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constituents are beneficial to the health of the neonatal foal but may also have 
applications for infant health.  
The prebiotic effects of MO in human infants is evident. However, prebiotic 
effects of mare MO in the foal’s GIT have not yet been investigated. The ability of MO to 
prevent adhesion of pathogens and enhance barrier function in the GIT may be beneficial 
to the neonatal foal in protecting against diarrhea. Establishment of beneficial microbes 
in the foal’s GIT is essential for optimal development of the foal as the nutritional source 
transitions from a milk-based to a forage-based diet. Mare MO may serve as prebiotic by 
promoting commensal bacteria.  
Researchers have demonstrated that diet can influence lactose content in mare 
milk; lactose was higher in the milk of mares fed a high grain diet compared to mares fed 
a high fiber diet (Doreau et al., 1992). Similarly, another study reported that lactose 
concentrations were higher in the milk of mares fed a high starch and sugar diet than 
mares fed high fat and fiber diet (Hoffman et al., 1998). However, neither study evaluated 
milk oligosaccharide content. The terminal end of MO contains lactose, therefore the 
methods that were used to measure lactose in these studies may have inadvertently 
measured total carbohydrates, including lactose and oligosaccharides.  
Adequate transfer of immunity is an important factor in the developing immune 
system in the neonatal foal. In most newborn foals, non-selective absorption of 
macromolecules, such as immunoglobulins, can occur throughout the small intestine by 
specialized enterocytes. However, these immature enterocytes are rapidly replaced by 
mature enterocytes, incapable of non-selective absorption (Jeffcott, 1972). Maximum 
non-selective absorption occurs soon after birth and progressively declines until all 
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enterocytes have been replaced and macromolecules are no longer absorbed, which is 
termed “gut closure”. Some studies discussed above provided evidence that MO 
influences both systemic and local immune function in other species. It’s possible that 
similar functions of mare MO exist in the foal. An in vitro study found 
immunomodulating effects of galactooligosaccharides, model MO, on peripheral blood 
mononuclear cells (PBMCs) collected from adult horses (Vendrig et al., 2013). An 
additional study from the same research group reported a decrease in pro-inflammatory 
cytokines in PBMCs from foals supplemented with oral GOS compared to PBMCs from 
control foals (Vendrig et al., 2014). These studies may provide some positive evidence of 
an effect of MO on the foal immune system. However, more research is needed to fully 
elucidate the effects of mare MO on the immune system in the foal.  
Milk Oligosaccharide Composition  
Throughout the past few decades, over 200 individual MO have been identified 
from human milk and colostrum (Smilowitz et al., 2014). The structure of these MO are 
very diverse but all contain the same monosaccharide units. The core structure of most 
mammalian MO is a lactose unit (Gal(β1-4)Glc), however, MO in cow and mare milk 
may also contain N-acetyllactosamine (Gal(β1-4)GlcNAc) at the reducing end in place of 
lactose (Urashima et al., 2001). From these disaccharides, the oligosaccharides are 
elongated and/or branched by adding additional monosaccharides. The monosaccharides 
found in MO can be neutral; galactose (Gal), fucose (Fuc), N-acetylglucosamine 
(GlcNAc), and N-acetylgalactosamine (GalNAc) (Smilowitz et al., 2014). Charged 
monosaccharide units can also be added to the disaccharide core, typically sialic acids; 
glucose (Glc), N-acetyl-neuraminic acid (Neu5Ac), or N-glycolyl-neuraminic acid 
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(Neu5Gc). All of these monosaccharides are present in human milk except for Neu5Gc. 
The monosaccharides can be attached to the core disaccharide in various ways though at 
least 12 possible linkages, leading to many different structural combinations. 
 Human MO have a high degree of fucosylation (70%) compared to mare MO 
(5%), however, mare MO are more sialylated (60%) than human MO (25%) (Tao et al., 
2009). Bovine MO are similar to equine MO with lower fucosylated MO and higher 
sialylated MO compared to human milk. To date, 50 MO have been identified in equine 
milk; 35 neutral and 15 acidic oligosaccharides (Nakamura et al., 2001; Albrecht et al., 
2014b; Difilippo et al., 2015; Karav et al., 2018). Similarly, over 50 MO have been 
identified in bovine milk.  
The MO profile of different species is typically divided into neutral and acidic 
oligosaccharides. The majority of acidic oligosaccharides contain sialic acid (Neu5Ac or 
Neu5Gc). Many of the oligosaccharides are conserved across species, especially the most 
abundant oligosaccharides in each species (Table 2.1) (Albrecht et al., 2014a). Of the 50 
MO identified in mare milk, many occur in very small amounts, and thus Table 2.1 only 
contains the oligosaccharides accounting for the majority of the total MO. The 
predominant MO found in mare milk are 6’-sialylactose (acidic), and 3’-sialylactose 
(acidic), and β6’-galactosyllactose (neutral) (Difilippo et al., 2015). Sialylactose (Figure 
2.1) is comprised of three monosaccharides, Neu5Ac, Gal, and Glc (Neu5Ac(a2-6 or 
3)Gal(β1-4)Glc). The difference between 3’ and 6’-sialylactose is in the linkage of the 
Neu5Ac to Gal whether that is in the α2-6 position (as in 6’-sialylactose) or in the α2-3 
position (as in 3’-sialylactose). Similar to mares, 3’-sialylactose is the most abundant MO 
in cow milk (Tao et al., 2009; Albrecht et al., 2014b; Vicaretti et al., 2018). Neutral MO 
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are less abundant in mare milk and cow milk. The predominant neutral MO in both 
species is β6-galactosyllactose (Figure 2.2) which is contains a lactose core with an 
additional Gal unit linked via β1-6 (Gal(β1-6)Gal(β 1-4)Glc).  
The milk oligosaccharides found in largest quantities are similar between cow and 
mare milk; 3’- and 6’-sialylactose and β6’-galactosyllactose (Tao et al., 2009; Albrecht et 
al., 2014a). There are differences in amount and structure in many other MO, however 
the biological significance of these differences is unknown. The ability of microbes to 
utilize milk oligosaccharides depends on the specific enzymes produced by the microbes 
and the ability of the enzymes to cleave the linkages found in various MO. In human 
infants, bifidobacteria are the predominant genera in the GIT of breastfed infants (Favier 
et al., 2003). Studies have demonstrated that bifidobacteria are highly efficient at utilizing 
MO as substrate (Asakuma et al., 2011). Marcobal et al. (2010) investigated the ability of 
16 gut-related bacterial strains to utilize MO and found that bacteroides, streptococci, and 
E. coli were able to grow on MO. These microbes are also likely found in the 
gastrointestinal tract of foals. Thus, investigating the initial colonizers in the foal GIT and 
their ability to utilize milk carbohydrates is an important step in furthering the knowledge 
of factors influencing microbial colonization and the functional roles of MO.  
Methods to Analyze Milk Carbohydrates 
Milk is a very complex matrix containing all the nutrients necessary for the 
neonate. The complexity can create difficulties when extracting and analyzing the 
oligosaccharide portion. To extract the milk carbohydrates, fat and protein must first be 
removed. Lipids are dispersed homogenously in milk using protein caseins as an 
emulsifying agent, forming fat droplets. Lipids are soluble in organic solvents such as 
24 
 
chloroform, but are insoluble in water. Thus, chloroform may be used to separate the 
water soluble components (protein, carbohydrates, and minerals) from the lipids 
(Nakamura et al., 2001).  
 Protein must also be removed, resulting in total milk carbohydrates. Different 
methods have been implemented to remove protein from milk samples, one of those 
being acid precipitation (Albrecht et al., 2014a). Ethanol is added to the water-soluble 
mixture after the chloroform extract, allowed to sit overnight then centrifuging and 
transfer the supernatant containing the milk carbohydrates. One of the limitations with 
this method is the decrease in pH may affect some of the milk carbohydrates. An 
alternative method for removing milk proteins would be the use of methanol. Methanol 
causes the proteins to precipitate, leaving total carbohydrates in the methanol supernatant. 
Methanol extraction of proteins yields greater protein recovery rates compared to other 
methods (Vincent et al., 2016) and has been successfully used in the extraction process 
for milk oligosaccharides (Nakamura et al., 2001; Difilippo et al., 2015).  
 After fat and protein have been removed from the milk sample, the resulting 
solution will contain primarily lactose and oligosaccharides. Mare milk contains 
approximately 60 to 70 g/L lactose compared to 2 to 6 g/L total MO. Thus, a preparatory 
step is required to remove the lactose while leaving milk oligosaccharides intact. The 
similarity in structure between lactose and MO can create challenges when purifying the 
MO.  
 Solid phase extraction (SPE) has been used in milk oligosaccharide analysis as a 
sample preparation step to remove unwanted compound from a sample (Tao et al., 2009; 
Mudd et al., 2016). Reversed phase SPE can be used to remove lactose from mare milk 
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samples. This method uses graphitic, nonporous carbon that has high attraction to organic 
polar and nonpolar compounds. The graphitic carbon is arranged in sheets that are 
interconnected and layered. The surface of the material is comprised of hexagonal rings 
and the layered nature of the packing creates multiple points of contact on the surface. 
The MO in the solution will pass through the bedding material by applying a vacuum to 
the column. The extraction procedure has four basic steps. The column is conditioned 
with an appropriate solvent to remove any unwanted residue from the packing material. 
Next, the cartridge is further conditioned with the same matrix as the sample (i.e. water). 
Then the solution containing the analyte of interest is loaded onto the cartridge. The 
carbohydrates (MO and lactose) bind to the packing material via van der Waals forces. 
The cartridge is then washed with an appropriate solvent that selectively elutes unwanted 
compounds off the cartridge but leaves the analyte of interest (MO) on the column. For 
the separation of lactose from MO, a 2% acetonitrile solution is used. Lastly, the purified 
analyte is eluted with a solvent solution strong enough to displace the analyte of interest 
from the packing material. A solution of 40% acetonitrile and 0.5% trifluoracetic acid is 
used to elute the MO from the cartridge. The purified MO are now ready to be quantified 
and identified.  
 There are a few limitations of SPE for use in separating milk carbohydrates 
(Simpson, 2000). There could be loss of MO when loading the sample on the cartridge 
due to a lack of binding of the MO to the sorbent. The amount of sample loaded onto the 
cartridge is of utmost importance to ensure the MO are completely retained on the 
packing material and the bed capacity of the specific cartridge being used must be taken 
into consideration. The presence of other particulates in the sample that may also occupy 
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binding sites on the packing material may interfere with the ability to properly purify the 
MO with minimal loss. Thus the bed capacity must be large enough to accommodate the 
analyte of interest, i.e. oligosaccharides, and any competing particles, such as lactose 
(Simpson, 2000).   
Size exclusion chromatography (SEC) has also been used to purify milk 
oligosaccharides based on molecular size (Nakamura et al., 2001; Difilippo et al., 2015). 
Following the same carbohydrate extraction procedure (chloroform/methanol), MO could 
be separated from lactose based on size; all MO are comprised of at least three 
monosaccharides, thus having larger molecular weights than lactose. The extracted 
carbohydrates will be injected and the smaller sized lactose and monomers will be able to 
fit in the small pores of the beads, but the larger oligosaccharides will be excluded from 
the pores. Difilippo et al. (2015) used SEC to fractionate mare MO; the acidic MO were 
first to elute using a water solution followed by fractionation of the neutral 
oligosaccharides. The charged oligosaccharides were excluded from the packing material 
which resulted in the acidic MO eluting first. The neutral oligosaccharides were then 
separated by size, from largest to smallest. The size of the oligosaccharides was 
determined using galactooligosaccharides with various lengths as reference for retention 
times. There are some limitations to SEC in fractionating milk oligosaccharides; the need 
for a standard to monitor retention time, and the similarity between MO structure and 
lactose can make clear fractionation difficult.  
 Once lactose is removed and the purified MO are remaining, a method for 
identification and quantification is needed. Carbohydrates, specifically MO, are complex, 
highly branched, can have many structural isomers, and no intrinsic chromophore. These 
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qualities make MO difficult to identify and quantify. Several methods have been used to 
analyze carbohydrates including high performance liquid chromatography (HPLC), 
nuclear magnetic resonance spectroscopy (NMR), high-performance anion-exchange 
chromatography (HPAEC), mass spectrometry (MS), and capillary electrophoresis (CE) 
(Mantovani et al., 2016).  
 The amount and composition of MO were determined following HPLC separation 
(Charlwood et al., 1999). However, because MO lack a chromophore or fluorophore, 
detecting the separated MO with the most common detectors coupled with HPLC systems 
(i.e. UV absorption or fluorescence) is challenging. Sialylated and MO with Neu5Ac or 
Neu5Gc are detectable in low UV range but the absorbance values are not only related to 
the number of UV-absorbing functional groups, but also based on their structure 
(Koketsu and Linhardt, 2000). Consequently, standard curves must be made for each MO 
for quantification. MO can be derivatized with an acceptable chromophore or 
fluorophores to improve detection sensitivity.  
 Capillary electrophoresis is a useful tool in analyzing MO. Some of the 
advantages of this method include the low cost of column material, limited amount of 
sample needed, rapid, and high resolution, and accurate quantification. In this method, 
the MO are injected into a narrow column of buffer solution in which an electrical field 
has been applied. The charged MO migrate in the electrical field according to their 
charge and charge-to-mass ratio. One of the disadvantages to this method is detecting the 
separated oligosaccharides. CE is typically copuled with UV absorption detection and 
MO need to be derivatized with a chromophore or laser-induced fluorescence (CE-LIF) 
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to be detected. Capillary electrophoresis has been used successfully to analyze MO, 
typically with laser-induced fluorescence (Monti et al., 2015; Vicaretti et al., 2018). 
 Milk oligosaccharides will behave as weak anions under strong alkaline 
conditions and can be separated well using an anion-exchange column. However, 
commonly used silica particles are unstable in alkaline solutions. To solve this problem, 
polymer-based stationary phases have been developed for use in HPAEC. The high 
mechanical and chemical stability at a wide range of pH contributes to the efficient 
separation of MO with this method. Milk oligosaccharides are weak acids with a pKa in 
the range of 12 to 14. The compounds will be selectively eluted after the hydroxyl groups 
are partially or completely transformed at high pH. Strong alkaline solutions and 
counterions, such as sodium hydroxide and sodium acetate, are used as the mobile phase 
in HPAEC. Retention time of MO is dependent on the number of hydroxyl groups, 
degree of polymerization, and degree of branching.  
 Milk oligosaccharides separated using HPAEC may be detected by pulsed 
amperometric detection (PAD). In this detection method, the anodic detection is 
alternated with an oxidative cleaning by increasing to a greater positive value. Thus 
cleaning of adsorbed products will reactivate the metal electrode. This three step process 
maintains reproducibility of detection. The increase in potential at the electrode creates 
oxidized product on the surface. Then the applied voltage on the electrode is changed to a 
strong reducing potential which converts the oxide layer back to the native metal 
electrode. The oxidation current is measured and the resulting charge is expressed in 
micro-Coulomb and is proportional to the rate of oxidation. PAD is very sensitive, 
measuring down to picomolar levels, and the HPAEC can separate oligosaccharides with 
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differences in only a single linkage or branched position. For example 3’- and 6’-
sialylactose, which are only different in the 2-3 or 2-6 linkage, can be well separated and 
detected with HPAEC-PAD. A major advantage of HPAEC is that carbohydrates do not 
need to be derivatized. The limitations of this method is the need for external standards to 
quantify individual oligosaccharides and that it does not provide any information on the 
structure of unknown MO (Mechelke et al., 2017).  
 There are two methods that can elucidate the structure of MO: MS and NMR. 
Mass spectrometry is widely used to assist in determining the molecular weight of 
carbohdyraets and can also provide information about their branching patterns. The 
structural characterization of MO has been accomplished using NMR techniques 
(Smilowitz et al., 2013). In fact, NMR is the only technique that is able to provide full 
structural information including sequence, linkage types, and alpha/beta anomeric 
configuration. One of the limitations of NMR is the relatively large sample size required.  
 Very few studies have attempted to characterize equine MO. Understanding the 
structure-function relationships in mare MO may be important in understanding the 
influence of milk oligosaccharides on foal health. To do so, HPAEC-PAD is a useful tool 
to separate and quantify individual milk oligosaccharides when standard compounds are 
available. NMR would be needed to elucidate the structure of unknown oligosaccharides 
in mare milk following isolation and purification.  
Summary 
 Development of the foal can be influenced by many factors including the 
establishment of microbes in the GIT and overall gut health. The progression of microbial 
colonization is gaining an increasing amount of research attention, however the factors 
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influencing the colonization process are still not understood. An area remaining to be 
investigated is the role of milk composition in the establishment of pioneer species in the 
foal’s GIT. Because of the sole consumption of maternal milk in the first few days after 
birth, milk carbohydrates may serve as substrate for the initial microbial colonizers. 
Understanding the relationships between milk carbohydrates and GI health in foals may 
provide information for better management and feeding practices of broodmares.  
Overall Objectives and Hypotheses  
The overall aims of this dissertation were to determine factors influencing mare 
milk composition and the influence of milk components on foal digestive health. 
Research in humans has demonstrated the importance of milk components, such as milk 
oligosaccharides, to neonatal health. However, little is known of the influence of mare 
milk components on the foal’s GIT, including microbial colonization and diarrhea. In 
addition, little is known about how maternal diet or stage of lactation affects milk 
composition.  
Overall hypotheses: 1) mare milk carbohydrates provide substrate for the pioneer 
species of the foal’s gastrointestinal microbial community; 2) the composition of the diet, 
specifically the amount and type of carbohydrates, and stage of lactation, will affect the 
composition and yield of the mare’s milk and 3) differences in the foal’s diet, including 
milk yield and fiber intake, will influence the process of microbial colonization in the 
foal and subsequent GIT health. This area of research is novel and may provide insight in 
the prevention of gastrointestinal disease in the foal which has a major economic impact 




Tables and Figures 
 
Table 2.1: Presence of milk oligosaccharides in human, mare, and cow milk 
Neutral  Human Mare Cow 
6'galactosyllactose X X  n.d. 
4'-galactosyllactose X X X 
Lacto-N-neotetraose X X  n.d. 
Lacto-N-hexaose X X  n.d. 
    
Acidic        
3'-sialylactose X X X 
6'-sialylactose X X X 
disialyllactose X X X 
6'-sialyl-N-acetyllactosamine  n.d. X X 
3'-sialyl-N-acetyllactosamine n.d. X X 
disialyl-lacto-N-tetraose X X n.d. 
a X indicates presence in milk of the designated specie 
b n.d. indicates not detected  




















   
 
 
Figure 2.1: 3’-sialylactose shown in (A) and 6’-sialylactose shown in (B) differ only in 
the linkage between galactose and N-acetyl-neuraminic acid. Adapted from Ihli and 
Paterson (2015). 
 














Figure 2.2: 6’-galactosyllactose found in mare and cow milk as the predominant neutral 


















CHAPTER 3: ISOLATION AND IDENTIFICATION OF CARBOHYDRATE-
UTILIZING BACTERIA IN FOAL FECES 
Introduction 
 When foals are born, they have very few or no microbes in their gastrointestinal 
tract (GIT) but viable bacteria, including starch-utilizing bacteria, have been found in foal 
feces within the first 24 h of life (Earing et al., 2012; Faubladier et al., 2013; Pyles et al., 
2018). To colonize the neonatal GIT, bacteria must have substrate available. As neonatal 
foals do not consume starch, we hypothesized that starch-utilizing bacteria are utilizing 
milk carbohydrates. While lactose is the predominant carbohydrate in milk, a variety of 
oligosaccharides may also be present (Bode, 2012; Difilippo et al., 2015).   
 In humans, milk oligosaccharides are believed to play an important role as 
substrate for pioneer species in the infant GIT microbiota. Previous research has utilized 
in vitro methods to demonstrate the ability of human GIT bacteria to utilize 
oligosaccharides extracted from human milk (Marcobal et al., 2010; Schwab and Ganzle, 
2011). Oligosaccharides have been identified in mare milk (Nakamura and Urashima, 
2004; Difilippo et al., 2015; Karav et al., 2018); however, the function of these milk 
carbohydrates has not been investigated.  
 The objectives of this research were to determine whether the bacteria found in 
neonatal foal feces could utilize lactose and oligosaccharides and to isolate the 
predominant bacteria in foal feces that utilize starch, oligosaccharides, and lactose.   
Materials and Methods 
 All procedures were approved by the University of Kentucky’s Institutional 




 The study was conducted at the University of Kentucky Maine Chance Farm, 
Lexington KY. Seven Thoroughbred foals were used for this study and were born 
between May 5, 2017 and May 17, 2017. Average age of the mares was 13.5 yr (range 8 
to 20 y) and were all multiparous. Prior to foaling, mares were kept in cool-season grass 
pastures during the day and were fed a commercial concentrate to maintain body 
condition. As the mares approached parturition, they were kept in stalls at night with 
access to hay and water. All foalings were attended and the time of foaling was recorded. 
After foaling, the mares and foals remained in stalls or were turned out into small 
paddocks during the day. At approximately 7 d post-foaling, each mare-foal pair was 
comingled with other mare-foal pairs in pastures. The mares continued to receive 
concentrate at a rate to maintain body condition. The mares in this study had no known 
gastrointestinal disease and had not received any antibiotic treatment for the prior 60 d 
before the study began.  
Enumeration of Fecal Bacteria on Media Containing Starch, Lactose, or 
Galactooligosaccharides 
 Fecal samples were collected from foals at approximately 12 h after birth, then at 
3, 7, 14, and 28 d of age. Sterile specimen cups and sterile gloves were used to collect 
fecal samples during defecation or immediately after defecation. If samples were 
collected after defecation, fresh feces were collected from the center of the pile to avoid 
environmental contamination. Date and time of fecal collection were recorded. After 
collection, samples were homogenized using either sterile swabs or sterile gloves. An 
approximately 1 g sample was placed in a pre-weighed, warmed (37 °C) Hungate tube 
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and purged of air with CO2 using sterile tuberculin needles. The fecal sample was 
transported to the laboratory within 1 h of collection in a warmed cooler (37 °C) and 
weighed to calculate actual sample weight. Sterile, anaerobic phosphate buffered saline 
(PBS) was used to dilute samples 1:10 using anaerobic technique. A dilution series was 
carried out using PBS, then dilutions were used to inoculate enriched liquid media to 
enumerate starch-utilizing bacteria, lactose-utilizing bacteria, and galactooligosaccharide 
(GOS)-utilizing bacteria.  
 The substrates in the media were chosen to represent carbohydrates in milk 
(lactose and GOS) and media types used previously in our lab (starch). The bacterial 
enumerations were performed using a basal anaerobic liquid medium (Table 3.1) 
containing either starch, GOS, or lactose at 10 g of substrate per 1 L of media. Media 
were prepared by combining components, then heating the media to a boil for 1 min to 
completely dissolve the carbohydrates. Once cool, the pH of the solution was adjusted to 
6.5 then autoclaved (20 min at 121 °C) to remove O2 and placed under CO2 gas to cool. 
The media were dispensed (4.5 mL) into Hungate tubes under CO2 atmosphere then 
autoclaved (20 min at 121 °C) for sterility. Soluble starch was added to the basal medium 
to enumerate amylolytic bacteria, lactose was added to enumerate lactose-utilizing 
bacteria, and GOS (Carbosynth LLC., San Diego, CA) was added to enumerate GOS-
utilizing bacteria. After inoculation with 0.5 mL of PBS dilutions, media were incubated 
for 3 d at 37 °C and the highest dilution exhibiting bacterial growth by visual 
examination was recorded.  
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Isolation and Identification of Predominant Bacteria 
 The bacterial enumerations from fecal samples at 12 h and 28 d of age were used 
to isolate and identify the predominant bacteria from each media type. Bacteria were 
isolated from the highest dilution exhibiting bacterial growth in each media type. Solid 
media were made by adding agar (15 mg/mL) to the same basal medium used for 
enumerations with either starch, lactose, or GOS as the respective carbon source (4 g of 
substrate per L of solid media). After autoclaving (20 min at 121 °C), sterile Petri plates 
were poured in an anaerobic chamber (95% CO2, 5% H2). Samples (200 µL) from the 
highest dilution of each media type at each time point (12 h and 28 d) were used to streak 
the respective agar and then incubated for 24 h at 37 °C in the anaerobic chamber. 
Individual colonies were picked, then passaged in the respective liquid media containing 
appropriate carbohydrate and incubated for 24 h at 37 °C. The bacterial isolates were also 
incubated (24 h at 37 °C) with starch, lactose, and GOS individually (4 g substrate/L of 
media) to evaluate the ability of the bacteria to utilize the different carbon sources. The 
optical density (600 nm) of each isolate after incubation with the substrates was recorded 
in a spectrophotometer to evaluate total bacterial growth. The pure cultures were then 
cryopreserved in glycerol and frozen (-20 C) until identification and characterization.  
The isolated bacteria were characterized for morphology and Gram staining using 
light microscopy, then 16S RNA gene sequencing was used to determine the 
phylogenetic identity. Bacterial DNA was extracted and precipitated (Appendix A and 
B), then amplified using PCR with universal 16S primers. The amplified bacterial DNA 
were sequenced by the University of Kentucky HealthCare Genomics Core Laboratory 
(Lexington, KY). Geneious software was used to align the sequences and a BLAST 
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search of GenBank was used to determine the closest phylogenetic relative (≥ 97% 
similarity).  
Statistical Analyses 
Enumeration data were normalized by log10 transformation before statistical 
analyses. Changes over time in fecal bacteria were analyzed using repeated measures 
mixed model ANOVA with sample day as the repeated measure (SAS 9.4; SAS Institute 
Inc., NC, USA). An ANOVA (SAS 9.4) was used to compare the number of bacteria 
enumerated from the three media types within each time point and across all time points. 
The relationship between hours after birth and number of bacteria in the initial fecal 
samples were analyzed using regression analysis. Results were considered significant 
when P<0.05.  
Results and Discussion 
Changes in Fecal Bacteria During the First 4 Weeks of Life 
Through the first 28 d after birth, the number of bacteria enumerated on each 
media type changed over time (P<0.0001; Figure 3.1). For all media types, the greatest 
change in the number of bacteria in foal feces occurred between the samples collected at 
12 h and 3 d after birth. Viable bacteria were detected in foal feces 12 h after birth then 
drastically increased by 3 d of age in all three media types. At 12 h, there was a mean of 
3.16 x 103 cells/g of feces of starch-utilizing bacteria that increased to 6.19 x 108 cells/g 
of feces at 3 d and decreased to 5.62 x 107 cells/g of feces by 28 d (P<0.05, Figure 1). 
Similarly, lactose-utilizing bacteria increased from 3.48 x 102 cells/g of feces at 12 h to 
6.19 x 108 cells/g of feces at 3 d, then decreased to 5.62 x 107 cells/g of feces by 28 d of 
age (P<0.05). There was also an increase in GOS-utilizing bacteria from 1.47 x 103 
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cells/g of feces at 12 h to 1.47 x 109 cells/g of feces at 3 d (P<0.05). The number of GOS-
utilizing bacteria remained relatively stable from 3 d through the end of the sampling 
period (P>0.05).  
Regardless of the presence or absence of any bacteria at birth, neonates are 
lacking a fully functional microbiome (Quercia et al., 2019). However, rapid changes in 
the fecal microbiome of foals observed in this study demonstrate the progression of the 
microbial colonization towards a functioning microbiome. Changes in the number of 
microbes present in the foal’s GIT has been demonstrated in previous studies (Kuhl et al., 
2011; Faubladier et al., 2013; Pyles et al., 2018). The results in this study for bacterial 
enumerations using media containing starch are similar to previous studies in our lab 
(Pyles et al., 2018). Faubladier et al. (2013) enumerated starch-utilizing bacteria using 
similar microbial techniques as the current study and produced similar results. The 
authors also observed amylolytic bacteria as one of the earliest functional groups to 
colonize the foal’s GIT. Although bacteria capable of utilizing starch are detected within 
the first day of life in foal feces, the diet of neonatal foals does not contain starch. Thus, it 
has been assumed that the bacteria enumerated using the starch-based medium were 
utilizing other carbohydrates in vivo, such as lactose or milk oligosaccharides (Faubladier 
et al., 2013).  
An enriched medium with carbohydrates representing mare milk oligosaccharides 
as the growth substrate was used in this study to enumerate oligosaccharide-utilizing 
fecal bacteria. In addition to the primary milk carbohydrate, lactose, GOS were used as a 
model milk oligosaccharide. Milk oligosaccharides are synthesized in the mammary 
gland beginning with a lactose unit then various oligosaccharides are formed by adding 
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neutral and acidic monosaccharides to elongate and branch the molecule. Because of the 
variety of combinations with different linkages and monosaccharides, over 200 
oligosaccharides have been identified in human milk (Wu et al., 2010; Wu et al., 2011; 
Thurl et al., 2017) and 50 oligosaccharides have been identified in mare milk (Nakamura 
and Urashima, 2004; Albrecht et al., 2014a; Difilippo et al., 2015). Thus, creating a 
media using mare milk oligosaccharides poses many challenges. Galactooligosaccharides 
are chains of galactose with a terminal glucose unit, forming a terminal lactose. 
Commercially produced GOS are not as complex in structure as milk oligosaccharides, 
however, they have been shown to elicit similar effects including prebiotic effects and 
enhancing defensive immune responses (Ben et al., 2008; Schijf et al., 2012). Because of 
the similarity in responses to milk oligosaccharides, GOS are now included in several 
commercially available infant formulas. Studies using in vitro methods have 
demonstrated the ability of human gut-related bacteria to utilize milk oligosaccharides 
(Ward et al., 2006; Marcobal et al., 2010). However, no studies have evaluated utilization 
of milk carbohydrates by foal gut bacteria. 
The results for bacterial enumerations using media containing lactose and GOS 
demonstrate that milk carbohydrates can be substrate for the microbiota in the neonatal 
GIT, as the mean number of bacteria observed among the three substrates were similar at 
each timepoint (P>0.05). In addition, changes over time were similar for enumerations 
using each substrate. These observations provide strong support for the hypothesis that 
milk carbohydrates play an important role in the early colonization of the neonatal GIT.  
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Early Changes in Foal Fecal Bacteria  
Although the intention was to collect fecal samples from foals at approximately 
12 h after birth, due to the infrequency of defecation in foals, the actual mean time for the 
12 h samples was 10.5 h after birth with a range of 5 to 15 h after birth (Appendix C). 
These data provided an opportunity to explore the colonization of the foal’s GIT in the 
hours close to birth. Within the 12 h samples, there was a positive linear relationship 
between the number of bacteria and the hours after birth for all three bacterial groups 
(Figure 3.2). The first day of the foal’s life appears to be a critical time in the 
establishment of microbes in their GIT with significant changes in the fecal bacteria even 
within the first 12 h of birth. Interestingly, the strongest relationship between age at first 
sample and number of bacteria occurred using the GOS media (R2=0.7475). It is possible 
that GOS-utilizing bacteria are important pioneer species in the neonatal GIT.  
 There is a traditional theory that neonates are born with a germ-free GIT (Mackie 
et al., 1999). However, recent research investigating the presence of bacteria in neonates 
has been conflicting. Studies in foals using denaturing gradient gel electrophoresis 
(DGGE) were unable to detect bacterial DNA in foal meconium (Urubschurov et al., 
2019). However, the use of culture-based techniques and higher resolution molecular-
based techniques (Automated ribosomal intergenic spacer analysis; ARISA) allowed for 
detection of lower levels of bacterial DNA in meconium from foals (Faubladier et al., 
2013; Faubladier et al., 2014). Furthermore, Quercia et al. (2019) used next-generation 
sequencing and also detected bacterial DNA in foal meconium at birth. There are 
limitations to the molecular-based techniques used in these studies, primarily in that 
detecting bacterial DNA does not indicate viable, functioning bacterial groups are 
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present. Additionally, samples with low levels of biomass (i.e. meconium) are at higher 
risk for contamination. Taken together with the results from the current study, the 
majority of microbial colonization appears to begin at birth, changing rapidly within the 
first day of life.  
Identification of Predominant Bacteria 
Although the enumeration data demonstrated the ability to produce similar 
numbers of bacteria with the three media types, the specific bacteria captured by the 
media types may differ. Thus, bacteria were isolated and molecular-based techniques 
were used to identify the predominant bacteria from each media type; starch, lactose, and 
GOS. Twenty eight isolates were identified from foal feces belonging to 7 genera (Table 
3.3). The isolates from individual foals are identified and described in Appendix D and E. 
Fecal samples were collected from 5 foals 12 h after birth and 12 isolates were identified 
from the three media types. One of the cultures at 12 h had poor bacterial growth and 
predominant bacteria could not be isolated. The quality of extracted DNA was poor from 
4 cultures (2 at 12 h and 2 at 28 d) and sequencing was not possible (Appendix D).  
Of the 12 isolates from foal feces collected at 12 h after birth, the most frequently 
identified bacteria was Escherichia coli/Shigella spp. (33% of 12 h isolates; Table 3). The 
other isolates from 12 h samples were identified as follows: 17% were Bacteroides 
fragilis, 17% were Enterococcus gallinarum, 17% were Actinobacillus equuli, 8% were 
Streptococcus spp., and 8% were Enterococcus faecalis. Sixteen isolates from the three 
media types were identified from the fecal samples of foals at 28 d of age. The most 
frequently identified bacteria were Streptococcus spp. (50% of 28 d isolates; Table 3), the 
remaining isolates were identified as follows; 19% were E. coli/Shigella spp., 13% were 
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Bacteroides fragilis, 6% were Enterococcus faecalis, 6% were Lachnoclostridium spp., 
and 6% were Bloutia luti. The predominant bacteria at 12 h were more variable between 
foals compared to isolates from foals at 28 d of age. 
There are several potential sources of inoculum to populate the foal’s GIT, such 
as the birthing process, the mare’s udder, milk, and the environment. Quercia et al. 
(2019) utilized molecular-based techniques to compare the microbiome of foal feces, 
mare milk, and mare feces. The authors reported 6 microorganisms were identified in all 
three ecosystems which included E. coli, S. equinus, and Enterococcus faecalis. All three 
of these genera were also identified in the current study in the feces of foals 12 h after 
birth. The microbial composition of mare milk or mare feces were not analyzed in this 
study, but may have served as sources of these pioneer species in the foal’s GIT.    
Escherichia coli and Shigella spp. are very closely related; the similarity of the 
DNA indicate that they constitute a single species (Pettengill et al., 2016). Thus, 
differentiating between these bacteria and accurately identifying the species can be 
challenging. Differentiating between the two species may provide additional information. 
Shigella strains have been identified in horses with colitis (Costa et al., 2012) whereas 
Esherichia coli strains are detected in the microbial communities of healthy horses 
(Schoster et al., 2012). Further differentiation was not performed for these isolates to 
identify if the isolates were Escherichia or Shigella spp., thus they were combined as 
Escherichia/Shigella spp. Both E. coli and Shigella spp. have been identified previously 
in healthy foals as early as 1 d after birth (Costa et al., 2015b). These bacteria are 
considered ubiquitous in the GIT of horses, however, they can cause disease. Thus, these 
bacteria are considered opportunistic pathogens.  
44 
 
 Members of the genera Streptococcus and Enterococcus were identified in foal 
feces both at 12 h and 28 d of age, and are well-known constituents of the gut 
microbiome in horses (Muhonen et al., 2009; Harlow et al., 2016b; Staniar et al., 2016). 
Enterococci are extremely pH and oxygen tolerant (Moreno et al., 2006), allowing these 
microorganisms to survive the low pH environment of the stomach and small intestine. 
These characteristics enable streptococci and enterococci to serve as pioneer species in 
the GIT of the foal.  
Bacteroides fragilis are known milk oligosaccharide-utilizers. Using in vitro 
techniques, Marcobal et al. (2010) evaluated growth rates of human gut-related bacteria, 
including B. fragilis, on human milk oligosaccharides. In comparison to the other bacteria 
evaluated in that study, B. fragilis were considered high consumers of human milk 
oligosaccharides, demonstrating one of the fastest growth rates in a medium enriched 
with milk oligosaccharides. Thus, identifying B. fragilis in feces of several foals in the 
current study was not surprising, given that foals are consuming mare milk that is rich in 
oligosaccharides (Albrecht et al., 2014a).  
 Members of the Lachnospiraceae family have been identified as normal 
constituents of the gut microbiome both in horses (Costa et al., 2012; Schoster et al., 
2017) and humans (Gosalbes et al., 2011) and are capable of utilizing complex 
polysaccharides, such as cellulose (Biddle et al., 2013a). Members of this family include 
the genera Blautia, Ruminococcus, and Lachnoclostridium. The isolates belonging to the 
lachnospiraceae family identified in this study were from 28 d old foals (Table 3). These 
bacteria are likely included in the cellulolytic functional group. Previous research in our 
lab demonstrated that colonization of the foal’s GIT by fibrolytic bacteria is slower than 
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that of amylolytic bacteria, not being detected in foal feces until 4 to 7 d of age (Pyles et 
al., 2018). The slower colonization of cellulolytic bacteria is most likely due to substrate 
availability. In the first few days after birth, foals consume a diet exclusively of milk, 
which contains lactose and oligosaccharides. The amount of time that foals spend grazing 
and consuming fiber-rich feedstuffs gradually increases with age (Crowell-Davis et al., 
1985). Another possible source of dietary fiber is in the consumption of maternal feces. 
Previous studies have observed foals coprophagizing as early as 2 d of age (Strasinger et 
al., 2013a; Strasinger et al., 2013b; Bolzan et al., 2020). Thus, a transition in substrates 
available from the foal’s diet are reflected by the microbes identified in foal feces. Just 
after birth, lactose and oligosaccharides provide substrates for amylolytic bacteria and 
oligosaccharide-utilizing bacteria, such as B. fragilis, Streptococci, and Enterococci. As 
fiber intake increases, there is an increase in detection of fiber-digesting bacteria, such as 
Blautia and Lachnoclostridia. However, the relationship between fiber source and intake 
in foals and the establishment of fibrolytic bacteria in the GIT has not been investigated.   
Utilization of Starch, Lactose, and GOS by Bacterial Isolates from Foal Feces 
 The third objective of the study was to evaluate the ability of bacteria isolated 
from foal feces to utilize carbohydrates found in milk. The 28 bacterial isolates from foal 
feces were incubated with starch, lactose, or GOS and the growth of the bacteria was 
recorded. Table 4 shows the optical densities (OD) of the bacterial isolates after 
incubation with either starch, lactose, or GOS. Three of the 7 genera identified were able 
to utilize starch as the sole carbon source, all but one (lachnoclostridia) were able to 
utilize lactose, and all of the isolates were able to utilize GOS.  
46 
 
 Although all of the isolates were capable of utilizing GOS, the extent of growth 
differed between species. The highest mean OD’s with GOS were for B. fragilis and 
Streptococcus spp. (Table 3.4) and the lowest OD with GOS was A. equuli. In agreement 
with previous in vitro research (Marcobal et al., 2010), B. fragilis from foal feces appears 
to be a high-oligosaccharide consumer. These isolates had a higher mean OD when 
incubated with GOS compared to lactose or starch. Blautia also had a higher OD after 
incubation with GOS compared to lactose. Similarly, lachnoclostridia were also capable 
of growing with GOS, but no growth was observed with lactose or starch. These genera 
belong to the fibrolytic functional group (Biddle et al., 2013a) and they were isolated 
from foals at 28 d of age. By 1 mo of age, foals are assumed to be consuming some fiber, 
thus supporting the establishment of fibrolytic bacteria. However, from these results, it 
appears that oligosaccharides may also serve as a substrate for some fibrolytic bacteria, 
including members of the Lachnospiraceae family.  
Conclusions  
 Microbes are changing rapidly in the foal’s GIT within the first day of life. Even 
within the first 12 h after birth there are significant changes in the number of bacteria 
detected in foal feces. Not only is the number of bacteria changing in the foal’s GIT, but 
also the composition of the microbial community, evidenced by the change in the 
variability of the predominant bacteria identified at 12 h versus 28 d after birth. This 
study demonstrated that milk carbohydrates can serve as substrate for the bacteria in the 
neonatal foal’s GIT, highlighting the importance of milk carbohydrates in the 
colonization process of bacteria in the foal’s GIT. Moving forward, evaluating changes in 
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mare milk carbohydrates and the subsequent effects on the foal will help elucidate some 




























Tables and Figures 
Table 3.1: Composition of the basal medium for the enumeration of bacterial groups and 





Mineral Solution #1 40 mL 
Mineral Solution #2 40 mL 
Cysteine Hydrochloride 0.6 g 
Yeast Extract 0.5 g 
Trypticase 1.0 g 
Na2CO3 (added after 
autoclaving) 
4.0 g 
Mineral Solution #1  
K2HPO4*3H2O 7.3 g 
Dissolved in 1 L of H2O  
Mineral Solution #2  
KH2PO4 6.0 g 
(NH4)SO4 12.0 g 
NaCl 12.0 g 
MgSO4 * 7H2O 2.5 g 
CaCl2 * 2H2O 1.6 g 











Figure 3.1: Changes over time in carbohydrate-utilizing bacteria in foal feces from 12 h 
to 28 d after birth. Data presented as back transformed LS means. Letters represent 
differences between time points within bacterial group (P<0.05). There was a main effect 
of time on all three bacterial groups (P<0.05). Pooled SEM are log10 transformed: Starch-












































Figure 3.2: Number of bacteria enumerated with media containing either starch, lactose, 
or galactooligosaccharides (GOS) in fecal samples collected the day of birth were 























































































Table 3.2: Phylogenetic identity of bacterial isolates from foal feces at 12 h and 28 d 




at 12 h 
Number 
of isolates 
at 28 d  
Total 
isolates 
Streptococcus spp. 1 8 9 
Escherichia/Shigella spp. 4 3 7 
Bacteroides fragilis 2 2 4 
Enterococcus gallinarum 2 0 2 
Enterococcus faecalis 1 1 2 
Actinobacillus equuli 2 0 2 
Lachnoclostridium spp. 0 1 1 
Blautia luti 0 1 1 
Poor quality DNA/no sample 6 2 8 

















Table 3.3: Optical density (600 nm) of bacterial isolates from foal feces after 24 h 
incubation with either starch, lactose, or galactooligosaccharides (GOS)1.  





Streptococcus spp. 9 2.13 (1.17-3.76) 2.65 (1.04-3.80) 2.53 (0.28-3.47) 
Escherichia/Shigella spp. 7 - 2.02 (0.96-2.59) 1.94 (1.00-2.92) 
Bacteroides fragilis 4 1.61 (0.28-3.10) 1.87 (1.56-2.26) 3.16 (2.62-4.38) 
Enterococcus gallinarum 2 - 0.75 (0.66-0.83) 1.05 (0.96-1.14) 
Enterococcus faecalis 2 0.69 (0.42-0.96) 0.93 (0.47-2.33) 0.82 (0.78-1.67) 
Actinobacillus equuli 1 - 0.53 (n/a) 0.47 (n/a) 
Lachnoclostridium spp. 1 - - 0.82 (n/a) 
Blautia luti 1 - 0.59 (n/a) 1.16 (n/a) 
1Data presented as the mean (range)  














CHAPTER 4: EFFECT OF DIETARY NONSTRUCTURAL CARBOHYDRATE ON 
MARE MILK YIELD AND COMPOSITION   
Introduction 
 Within the last decade there has been an increase in the research investigating 
components in milk capable of influencing neonatal health. In human medicine, the 
importance of milk carbohydrates has recently been noted (Kulinich and Liu, 2016; 
Akkerman et al., 2019). In addition to lactose, milk can also contain oligosaccharides that 
appear to play an important role as a prebiotic for the microbiota in the infant 
gastrointestinal tract (Marcobal et al., 2010; Wang et al., 2015). During the neonatal 
period, milk serves as the sole source of nutrients for foals, but very few studies have 
evaluated mare milk oligosaccharides (Albrecht et al., 2014a; Difilippo et al., 2015; 
Monti et al., 2015; Karav et al., 2018). Previous research found that maternal diet altered 
the fecal microbial community of the foals without affecting the microbiota of the mares 
(Pyles et al., 2018; Pyles et al., 2019). The effects of maternal diet observed in foal 
bacteria occurred during the first few days after birth when mare milk was still the sole 
nutrient source. We hypothesize that diet affected milk composition, thus altering the 
substrates available to the gastrointestinal microbes, resulting in the changes observed in 
the foal bacteria.  
 Milk oligosaccharides are synthesized in the mammary gland beginning with a 
lactose unit that undergoes elongation and branching with various neutral and acidic 
monosaccharides (Smilowitz et al., 2014). There has been very limited research 
investigating factors influencing the synthesis of milk carbohydrates. The objectives of 
this study were to determine the effects of high or low dietary non-structural 
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carbohydrate (NSC) on mare milk composition and total yield. We hypothesize that 
increasing the dietary NSC will increase glucose availability in the mare and that 
increased glucose will increase milk carbohydrate synthesis. An additional aim of this 
study was to develop and validate methods for quantification of mare milk 
oligosaccharides.   
Materials and Methods  
Animals and Management  
All procedures were approved by the Institutional Animal Care and Use 
Committee at the University of Kentucky. Sample collection for this study began March 
6, 2018 and ended June 12, 2018 at the University of Kentucky’s Maine Chance Farm in 
Lexington, KY. Eighteen Thoroughbred mares were enrolled in the study with a mean 
age of 13 yr (range 5 to 19 yr; Appendix N). Mixed grass and alfalfa hay and cool-season 
grass pastures were available to the mares ad libitum throughout the study. During the 
prepartum period, the mares were housed in outdoor paddocks in groups of 2 to 4 mares 
per paddock. Mares were evaluated daily for progress towards parturition. Udder 
development was scored daily using a 3-point scale: a score of 1 representing little 
development and a score of 3 representing a full udder with filled teats. When udder 
development was evident, mares were brought in to individual box stalls at night and 
turned out in paddocks during the day. A birth monitor (FoalAlert, Inc. Acwhorth, GA) 
was inserted in the vulva of each mare when the udder score increased to a 2. Mares were 
observed during foaling and assistance was provided as needed. After parturition, mare 
and foal pairs remained in box stalls or individual round pens for 1 to 4 d. By 1 wk, mare 
and foal pairs were comingled with other mare and foal pairs in outdoor paddocks.  
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Experimental Concentrates  
Prior to initiating the study, mares were paired by age and last breeding date and 
then randomly assigned to either high NSC concentrate (HC) or low NSC concentrate 
(LC). The concentrates were pelleted using similar ingredients but in different amounts 
(Table 4.1). To maintain similar digestible energy, the HC concentrate had more ground 
oats resulting in higher NSC while the LC concentrate had more soybean oil and soybean 
hulls resulting in higher fat and fiber (Table 4.1).  
The mares were adapted to assigned concentrates beginning at 319 d of gestation. 
Concentrates (3.1 kg/d) were fed to mares in two equal meals per day before parturition 
at approximately 0700 h and 1500 h. After parturition, concentrate was increased to 4.6 
kg (DM) per day by adding an evening meal fed at approximately 2000 h. The mares 
were adapted to using nosebags for concentrate meals. After parturition, mares were fed 
concentrate meals in fence feeders when in individual pens or in nosebags when 
comingled with other mare and foal pairs.  
Foaling Variables 
 Colostrum was collected from each mare at parturition before the foal suckled. An 
equine refractometer (Animal Reproduction Systems, Inc., Chino, CA) was used to 
measure the Brix % at parturition as an indirect measure of immunoglobulin content. The 
resulting colostrum score ranging from 0 to 32 was recorded. The days of gestation at the 
time of parturition was recorded. Mares and foals were weighed within 24 h of foaling to 
calculate the foal birth weight as a percentage of mare body weight. Placentas were 




Postprandial Glucose Response Test 
 We hypothesized that increasing dietary NSC will increase glucose availability to 
the mammary gland by increasing blood glucose concentrations. Four mares from each 
treatment group were used for a post-prandial glucose response test at 333-336 d of 
gestation. On the day of the test, the mares were fed their morning concentrate meal at 
0700 h and brought into individual box stalls (3.6 m x 3.6 m) at 1100 h. Hay was 
withheld for 3 h while in the stalls but water remained available. Catheters were inserted 
aseptically in the left jugular vein and fitted with an extension set, sutured against the 
neck, and flushed with 10 mL of heparinized saline solution. The mares were allowed to 
recover for approximately 30 min before collecting a pre-meal blood sample at 
approximately 1400 h that served as a baseline sample. Mares were fed 1.7 g (DM)/ kg of 
BW of assigned concentrate which provided 0.65 or 0.18 g starch/kg BW for the HC and 
LC concentrates, respectively. Blood samples were collected every 30 min for 4 h after 
the meal.  
 At each 30 min interval, 20 mL of blood were collected using the jugular 
catheters. After each blood collection, the catheters were flushed with 10 mL of 
heparinized saline. The first 10 mL of blood collected were discarded and the remaining 
10 mL was placed into vacutainers containing sodium fluoride and potassium oxalate and 
placed on ice until centrifugation (within 1 h of collection). After centrifugation (2500 x 
g, 10 min, 4 °C), plasma was transferred to microcentrifuge tubes and frozen (-80 C) until 
analyzed.  
A YSI 2700 Biochemistry Analyzer (YSI Incorporated, OH, USA) was used to 
analyze plasma glucose and quantified using a 7-point standard curve (0 to 25 mmol/L). 
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The YSI 2700 is an electrode-based analyzer that uses enzyme catalyzed reactions to 
produce hydrogen peroxide. The hydrogen peroxide is oxidized at the anode of the probe 
which produces a signal current. For analysis of glucose, glucose oxidase is immobilized 
in a membrane structure that is situated on a probe in the sample chamber in which 
sample entry and flushing occurs. The sample is injected into the sample chamber and 
diffuses through the membrane and reacts with glucose oxidase to produce hydrogen 
peroxide and the subsequent signal current.  
Milk Collection and Analyses  
 Approximately 75 mL of colostrum was collected within 1 h post-foaling and 
frozen (-80 °C) until analyses. Additional milk samples were collected at 12 h, 3 d, 7 d, 
14 d, and 21 d postpartum. All milk samples were collected by hand into sterile specimen 
cups and frozen (-80 °C) until analyzed. To ensure accurate representation of milk 
composition, milk (50-100 mL) was collected during milk let down while the foal nursed.     
 Milk composition was analyzed using Fourier Transform Infrared (FTIR) 
spectroscopy (MilkOScan FT2, Foss, Denmark) at the University of Kentucky 
Regulatory Services Milk Laboratory. The instrument was calibrated using raw lowfat 
non-fortified cow milk (Eurofins DQCI, MN, USA). Because the MilkOScan instrument 
was calibrated to cow milk, a subset of mare milk samples (n=18) was subjected to wet 
chemistry to validate the protein and fat values produced by the FTIR method. Milk 
protein was determined by analyzing the nitrogen content using the Kjeldahl method with 
a Kjeltec auto analyzer (Foss, Denmark). Milk fat was determined using the Mojonnier 
method (AOAC 989.05). Milk samples at 3 and 7 d postpartum (n=32) were used to 
compare the FTIR lactose values to both the total carbohydrate content, as described 
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below, and the lactose values analyzed via High Performance Anion Exchange 
Chromatography with Pulsed Amperimetric Detection (HPAEC-PAD), as described 
below. 
Extraction and Purification of Milk Oligosaccharides 
Total milk oligosaccharides were quantified in 12 h, 3 d, and 7 d milk samples. 
The method developed and validated in our lab was adapted from Difilippo et al. (2015). 
Total milk oligosaccharides were analyzed in duplicate. Carbohydrates were extracted 
from samples using a chloroform/methanol extraction. Samples (5 mL) were treated with 
20 mL of chloroform. After 2 h of head-over-tail mixing, the samples were centrifuged at 
1000 x g for 30 min at 4 °C and the aqueous phase was collected. The supernatant was 
treated with 2 volumes of methanol, vortexed and centrifuged at 2500 x g for 30 min at 4 
°C. The supernatant was transferred to pre-weighed tubes and dried via centrifugal 
evaporation. Once dried to a steady weight, the tubes containing extracted milk 
carbohydrates were re-weighed and the total carbohydrate content was calculated.  
 The lactose content in colostrum and milk samples was reduced using solid phase 
extraction (SPE). Dried milk carbohydrates were solubilized in nanopure water to a 
concentration of 50 g/L. Solid phase extraction was used to purify the oligosaccharides 
using graphitized non-porous carbon cartridges (2 g bed weight, 12 mL volume, 
Supelclean Envi-carb, Sigma-Aldrich Co. LLC). Before samples were loaded, the SPE 
cartridges were washed with 1 tube volume (12 mL) of acetonitrile to remove impurities 
from the cartridge and conditioned with 2 tube volumes of nanopure water. Samples (100 
mg of carbohydrates) were loaded onto the SPE cartridges, then salts were eluted with 2 
tube volumes of water. Three tube volumes of 2% (v/v) acetonitrile/water solution were 
59 
 
used to elute monomers and lactose from the cartridges. Then milk oligosaccharides were 
eluted in one tube volume of a 40/60% (v/v) acetonitrile/water solution containing 0.05% 
(v/v) trifluoroacetic acid. The obtained oligosaccharides were dried to a constant weight 
in a centrifugal evaporator.   
 The amount of residual lactose in the samples following SPE was quantified to 
adjust total milk oligosaccharides. The dried milk oligosaccharides were solubilized in 
nanopure water to a concentration of 4 g/L then diluted 1:500 with water. HPAEC-PAD 
was used to quantify the lactose content in milk samples before SPE and in post-SPE 
samples.  
 The HPAEC-PAD analyses were performed on a Dionex ICS 5000+ DC series 
system equipped with an electrochemical detector (Thermo Fisher Scientific Inc., MA, 
USA). Milk carbohydrates were separated on a CarboPac PA-200 column (250 x 3 mm; 
5.5 µm particle size) connected to a CarboPac PA-200 guard column (50 x 3 mm; 5.5 µm 
particle size). Elution was carried out using the following eluents and gradient: 100 µM 
NaOH (eluent A), and 100 µM NaOH + 0.2 M NaOAC (eluent B), Time 0-19 min 30% 
eluent A, time 20-34 min 100% eluent A, 78-87 min 100% eluent B, 88-107 min 
equilibrated at 30% eluent A. Lactose was quantified after peak integration using Dionex 
Chromeleon software (Thermo Fisher Scientific Inc., MA, USA) and concentration was 
calculated using a 6-point standard curve (1 to 25 µM lactose).  
Validation of Oligosaccharide Method 
 To evaluate the ability of the SPE clean-up method to fractionate lactose and milk 
oligosaccharides, milk carbohydrates were extracted from 3 mare milk samples at 7 d 
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postpartum. The dried carbohydrates were resolubilized in water to 50 g/L, diluted 1:500, 
and injected on the HPAEC-PAD as described above. Then 100 mg of total milk 
carbohydrates were applied to SPE using the same protocol described above. After SPE, 
the total oligosaccharide solution was applied to HPAEC-PAD. Lactose was quantified in 
the pre- and post-SPE samples using a 6-point standard curve (1 to 25 µM lactose) and 
used to calculate the concentration of lactose remaining after SPE. The mare milk 
samples were analyzed in duplicate.  
The recovery of milk oligosaccharides after SPE was verified by evaluating the 
concentration-based response behavior of 4 unidentified milk oligosaccharides. A stock 
solution of mare milk carbohydrates (4 g/L) was used to make a dilution series from 
0.01% to 0.25% of the stock solution. Each dilution was injected on the HPAEC-PAD 
and peak areas were recorded for 4 selected peaks. A calibration curve was created for 
each selected peak using linear regression. The stock solution and dilutions were repeated 
three times. To evaluate recovery after SPE, 0.625 mL of each stock solution (2.5 mg of 
total carbohydrates) were loaded on to SPE cartridges (250 mg bed wt, 6 mL volume, 
Supelclean Envi-carb, Sigma-Aldrich, Inc. MO, USA) and total oligosaccharides were 
eluted following the same SPE protocol as described above. The final eluate containing 
oligosaccharides was injected on the HPAEC-PAD, the peak areas were recorded, and 
actual concentrations were calculated using the calibration curves. The percent recovery 
was calculated as follows: 





Estimating Daily Milk Yield  
 Milk yield was estimated at 6 and 7 d postpartum. On each day, mare and foal 
pairs were brought into box stalls and the foal was allowed to nurse to strip the udder. A 
muzzle was placed on the foal for 2 h then removed, and the foal allowed to nurse one 
side of the udder. While the foal was nursing, the opposite side of the udder was milked 
using a handheld mare milker (Udderly EZ, EZ Animal Products, IA, USA). Milking 
ended when nursing by the foal ceased. The muzzle was placed on the foal for an 
additional 2 h, followed by the same milking procedure on the same side of the udder. 
The following day, the entire 4 h milking procedure was repeated using the opposite side 
of the udder. The order in which each side was milked was randomized with each mare. 
The volume of milk collected (L) at each milking was recorded and used to calculate 
daily milk yield in L/d and on a BW basis using the following equations: 










� × 100   
Where M represents the volume of milk (L) collected from one side of the udder 
during one milking, I represents the interval between the milkings (in h), BW represents 
mare body weight (kg). 
Statistical Analyses 
 Plasma glucose concentration was used to calculate area under the curve (AUC) 
for the post-prandial response test using GraphPad Prism (GraphPad Software, CA, 
USA). Foaling variables, plasma glucose AUC, and peak glucose were compared 
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between treatments using t tests (Proc GLM, SAS 9.4; SAS Institute Inc., NC, USA). The 
correlation between milk protein, fat, and lactose values from the FTIR method and wet 
chemistry methods were evaluated using regression analysis and Pearson’s correlation 
coefficient (Proc REG and CORR, SAS 9.4). Milk components were analyzed using 
mixed model ANOVA with repeated measures to test the fixed effects of diet, time, and 
diet by time interactions (Proc GLIMMIX, SAS 9.4). The effect of the diet on milk yield 
was analyzed using mixed model ANOVA with milkings as a repeated measure. Degrees 
of freedom were estimated using Kenward-Rogers approximation. The covariance 
structure of auto-regressive order 1 was used in the repeated statement, use of the 
heterogeneous version was determined based on Akaike’s and Bayesian Information 
Criteria. When effects were found to be significant, means were separated using Least 
Significant Difference tests. Significance was considered when P<0.05 and a trend 
considered when P<0.10.  
Results and Discussion 
 The study began with 9 mares in each treatment group. However, two mares 
experienced complications during parturition requiring treatment and were removed from 
the study. As a result, 7 mares remained in the LC group and 9 mares in the HC group. 
The foaling variables included gestation length, colostrum score, foal birth weight as a 
percentage of mare BW, placental weight as a percentage of foal birth weight, and mare 
postpartum BW are shown in Table 4.2. There were no differences in any of the foaling 
variables between treatment groups (P>0.05).  
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Validation of Methods for Milk Analyses  
A subset of milk samples were subjected to wet chemistry to validate the values 
for milk components produced by the FTIR instrument. The correlation coefficient for 
milk protein was 0.999 (Table 4.3), indicating a strong correlation between the values 
produced by the FTIR instrument and the traditional Kjeldahl method.  
Evaluating the slope of the regression equation reveals the presence or absence of 
proportional errors between the two methods. The ideal slope is 1.00 when comparing 
two methods. The slope of the regression equation for protein was 0.986 with a 95% CI 
of 0.967 to 1.004. The 95% CI of the slope for the linear regression equation for protein 
includes the ideal slope of 1.00, indicating the FTIR produces values comparable to the 
traditional Kjeldahl method. The correlation coefficient for the values for milk fat from 
the FTIR and Mojonnier method was 0.997, indicating a highly correlated relationship 
between the two methods. The slope of the regression equation for the values produced 
by the FTIR and the traditional Mojonnier method was 0.812 with a 95% CI of 0.760 to 
0.855, indicating a loss of proportionality between the two methods in measuring fat 
content in mare milk. Although there was a significant linear relationship, a slope less 
than 1.00 indicates that the values produced by the FTIR are slightly less than the values 
produced by the Mojonnier method.  
The lactose values produced by the FTIR instrument were compared to the total 
carbohydrate content and the lactose values produced by HPAEC before SPE. The total 
carbohydrate values of the milk samples were recorded after the removal of protein and 
fat via chloroform/methanol extraction and before SPE. The correlation coefficient for 
the relationship between the FTIR lactose and the HPAEC lactose was 0.921, in contrast 
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to 0.982 for the FTIR lactose and total milk carbohydrates. The slope of the regression 
equation for FTIR lactose and total carbohydrates was 0.887, however the upper limit of 
the 95% CI was 0.998 which is very close to 1.0. Thus, the lactose values produced by 
the FTIR may be slightly lower than the true carbohydrate content of the milk sample. 
The differences in r values indicate that the values for lactose produced by the FTIR 
instrument appear to represent the total carbohydrate content, which includes both lactose 
and oligosaccharides, rather than lactose alone. The lactose values produced by the FTIR 
will be designated as ‘FTIR lactose’ hereafter.  
Three milk samples were used to assess the ability of the SPE method to separate 
lactose and oligosaccharides. The data in Table 4.4 show that SPE successfully removed 
approximately 96% of the lactose in the milk carbohydrate solution. The average lactose 
content in the milk samples before SPE was 57.12 g/L and was reduced to an average of 
2.55 g/L after SPE. To evaluate the effectiveness of SPE for purification of milk 
oligosaccharides with minimal loss of the analyte, the recoveries of selected 
oligosaccharide peaks before and after SPE were measured using HPAEC-PAD. There is 
limited availability of analytical standards for individual milk oligosaccharides. Thus, a 
calibration curve was created using a subset of unknown oligosaccharide peaks based on 
retention time. Peak areas of the unknown oligosaccharides were recorded and a 
calibration curve was created for each peak using various concentrations of a mare milk 
carbohydrate stock solution (Table 4.5). The relationship between the concentration and 
peak area was linear, with correlation coefficients between 0.974 and 0.994. The recovery 
of the oligosaccharides after SPE ranged from 70.06 to 99.81% (Table 4.5). The high r 
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values and recoveries after SPE indicate that the method produces linear responses in 
peak area at different concentrations and there are minimal losses in oligosaccharides.  
The affinity of lactose for the graphitized carbon solid phase used in this 
procedure is an important factor to consider when using SPE for milk oligosaccharide 
purification. Lactose can use a portion of the loading capacity on the solid phase, thereby 
inhibiting the milk oligosaccharides from adhering if the cartridges are overloaded. 
Lactose and oligosaccharides are similar in structure, and thus both possess binding 
affinity to the graphitized carbon. However, elution with a 2% acetonitrile solution 
selectively removed the majority (96%) of the lactose. This method was successful in 
removing most of the lactose from the samples, however, quantifying the residual lactose 
in the final eluate is still necessary to accurately quantify the total milk oligosaccharides.  
The recoveries of oligosaccharides after SPE in this study are higher than 
previous reports. Robinson et al. (2018) measured recoveries of two individual mare milk 
oligosaccharides after SPE. The authors report an average recovery of 20.7% and 19.5% 
for 3’sialyllactose and 6’sialyllactose, respectively. In contrast, the recoveries of 
oligosaccharides after SPE in this study ranged from 70 to 99% (Table 4.5). When 
evaluating the efficacy of SPE, the bed capacity of the cartridges used is an important 
factor to consider. As previously mentioned, in addition to oligosaccharides adhering to 
the solid phase, lactose will also occupy binding sites. The typical manufacturer 
recommendation for bed capacity of SPE cartridges is 5% of the bed weight. In the study 
by Robinson et al. (2018), the bed capacity was 2 mg. The authors report that the samples 
applied to SPE contained 0.04 mg of oligosaccharides, much lower than the bed capacity, 
however, the samples also contained 14.3 mg of lactose. Thus, the total carbohydrates 
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applied to the SPE far exceeded the bed capacity, contributing to the low recoveries of 
oligosaccharides. In this study, the bed capacity of the SPE cartridges was 12.5 mg, 2.5 
mg of total carbohydrates were applied, and 70 to 99% of the selected oligosaccharides 
were recovered. These results demonstrate that the SPE method used in this study was 
effective in removing the majority of the lactose with minimal losses of milk 
oligosaccharides.  
Post-Prandial Glucose Response Test 
 A post-prandial glucose response test was conducted as proof of concept that 
feeding a concentrate high in NSC would increase plasma glucose, thus increasing 
glucose availability to the mammary gland. The baseline plasma glucose after fasting 
ranged from 3.75 to 4.60 mmol/L. Baseline glucose values are similar to previous studies 
evaluating dietary effects on plasma glucose in pregnant mares (Williams et al., 2001; 
George et al., 2011). There was a treatment by time interaction for plasma glucose 
(P=0.0037; Figure 4.1). Plasma glucose was not different between treatment groups at 
time of feeding and through the first 90 min after the concentrate meal (P>0.05). From 
120 to 210 min post-feeding, plasma glucose was higher in the mares fed the HC 
concentrate compared to the mares fed the LC concentrate (P<0.05). In addition to the 
treatment by time interactions, time to peak glucose, and glucose AUC were higher in 
mares fed the HC concentrate (P<0.05; Table 4.6) and peak glucose tended to be higher 
in mares fed the HC concentrate (P<0.10).  
 The glucose response to a meal high in NSC observed in this study is in 
agreement with previous research in horses (Williams et al., 2001; George et al., 2011). 
Typically, the NSC in the concentrate will be digested and absorbed as glucose by the 
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small intestine. However, when the limit of starch digestion by the small intestine is 
exceeded, starch will bypass the small intestine and enter the large intestine. The upper 
limit of starch digestion in the small intestine of the horse has been reported as 4 g 
starch/kg BW per meal (Potter et al., 1992), but others have suggested that the starch 
intake should not exceed 2 g/kg BW per meal to prevent any starch bypass (Meyer et al., 
1995). The concentrate feeds used in the post-prandial glucose test provided 0.65 g 
starch/kg BW and 0.18 g/kg BW for the HC and LC, respectively, below the suggested 
limit of starch intake per meal. Because the starch content in the concentrate meal was 
below the limit of starch digestion, it is assumed that all of the starch was digested and 
absorbed in the small intestine.  
 Although there was a difference in NSC between the two experimental 
concentrates, the energy density was similar due the increased fat and fiber content of the 
LC concentrate. The higher fiber content is likely to increase the production of short 
chain fatty acids (VFA) in the hindgut of the horse. The absorption of VFA can 
contribute to plasma glucose as a precursor (propionate) to glucose or by sparing glucose 
oxidation (acetate and betahydroxybutyrate). However, the effects of the VFA on plasma 
glucose are expected to be smaller and slower than direct absorption of glucose. Thus, 
these results agreed with our hypothesis, demonstrating that feeding the HC concentrate 
increased plasma glucose available to the mammary gland compared to feeding the LC 
concentrate. 
Changes in Milk Composition over Time 
 Concentration of milk components changed over time from parturition to 21 d 
postpartum (Table 4.7). FTIR lactose content was the lowest in colostrum (33.73±2.16 
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g/L) and increased through 14 d postpartum to a mean of 63.97±0.22 g/L (P<0.05) and 
was not different at 21 d postpartum (P>0.05). In contrast to FTIR lactose, total 
oligosaccharides were highest in 12 h samples (5.08±0.43 g/L) and decreased by 7 d 
postpartum to a mean of 2.94±0.43 g/L (P<0.05; Table 4.7). An increase in lactose 
concentration in milk in early lactation has been documented previously in mares 
(Doreau et al., 1992; Hoffman et al., 1998; Markiewicz-Keszycka et al., 2015).  
Although it is known that lactose content increases, changes over time in total 
mare milk oligosaccharides have not been reported. Previous studies have quantified 
individual milk oligosaccharides in mare colostrum (Nakamura et al., 2001; Albrecht et 
al., 2014a; Difilippo et al., 2015) and through 7 d postpartum (Karav et al., 2018). The 
oligosaccharide content in the 12 h samples from this study (5.08 ± 0.43 g/L) were 
similar to the values reported in mare colostrum by Difilippo et al. (2015). The authors 
quantified 16 individual oligosaccharides in mare colostrum and the sum of the identified 
oligosaccharides in individual mare samples ranged from 1.42 to 6.71 g/L. 
Karav et al. (2018) used similar methods to the current study to extract and purify 
milk oligosaccharides then used HPAEC-PAD to quantify 10 individual oligosaccharides. 
The authors reported an overall decrease in the sum of the 10 oligosaccharides identified 
from day 1 to day 7 postpartum. The highest oligosaccharide concentrations reported by 
Karav et al. (2018) were in samples 1 day postpartum (0.218 g/L) and decreased to a 
mean of 0.080 g/L at day 7. These values are much lower than the current study, 
however, Karav et al. (2018) only quantified 10 oligosaccharides whereas the current 
study quantified total oligosaccharides. 
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Changes in milk oligosaccharides during the course of lactation have been 
investigated in other species. In sows, there is a relative increase in fucosylated 
oligosaccharides and a decrease in sialylated oligosaccharides during the course of 
lactation (Difilippo et al., 2016; Salcedo et al., 2016). In cattle, the neutral 
oligosaccharides increase while the acidic oligosaccharides decrease in early lactation 
(Nakamura et al., 2003; Barile et al., 2010). Although there have been reports of the 
relative changes over time in individual milk oligosaccharides or groups of similar 
oligosaccharides, the methods used in these studies may not accurately represent changes 
in total oligosaccharides. The current study developed methods to quantify total 
oligosaccharides in mare milk in early lactation. To our knowledge, this is the first study 
to report changes over time in the total oligosaccharide content in mare milk which 
decreased from 12 h to 7 d postpartum. Lactose serves as the core structure of milk 
oligosaccharides, then monosaccharides can be attached to the core disaccharide through 
at least 12 possible linkages, leading to many different structural combinations 
(Smilowitz et al., 2014). Oligosaccharides are synthesized in the mammary gland but the 
factors influencing this process are not well understood, and further studies should 
examine changes in individual oligosaccharides.   
Protein concentration also decreased over time: protein content was the highest in 
colostrum (139.77±9.56 g/L) and then decreased throughout the sampling period 
(P<0.05; Table 4.7). The protein content is expected to be the highest in colostrum due to 
the high concentration of immunoglobulins. A decrease in mare milk protein observed in 
this study is in agreement with previous research (Doreau et al., 1992; Csapokiss et al., 
1995; Hoffman et al., 1998; Markiewicz-Keszycka et al., 2015).  
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Changes in milk fat were observed over the first 3 wk postpartum (P<0.05; Table 
4.7). Milk fat increased from colostrum to 12 h postpartum (P<0.05) then remained 
similar at 3 d, 14 d, and 21 d. In the 7 d samples, milk fat was similar to colostrum 
(P>0.05) but lower than all other time points (P<0.05). Previous studies have 
demonstrated a change over time in mare milk fat (Pikul and Wojtowski, 2008; 
Markiewicz-Keszycka et al., 2015). Fat content appears to be highest in the first 2 days 
after parturition and decreases throughout lactation. Markiewicz-Keszycka et al. (2015) 
investigated changes in milk composition with stage of lactation and reported that milk 
fat decreased from 12 h to 7 d and remained lower through 180 d postpartum. Similarly, 
Pikul and Wojtowski (2008) observed a decrease in milk fat from the first two days after 
foaling through 5 mo of lactation. In the current study, milk samples were collected 
during the first 3 wk after foaling and milk fat did not decrease by 21 d. This result is in 
agreement with a study by Salimei et al. (2002) in which mare milk was sampled 
intensely for the first 96 h after birth. Milk fat increased from 7.2 g/L at parturition to 
30.3 g/L by 12 h postpartum and then remained stable through 96 h after foaling.  
The decreased concentration of fat in the samples at 7 d postpartum was 
unexpected. The 7 d samples were a subsample of the milk collected during estimation of 
milk yield when the mammary was evacuated after the foals had been muzzled for 2 h, 
while samples on other days were collected using a different method. In dairy cows, 
research had demonstrated changes in milk fat during the course of a milking; milk fat 
increases quadratically within an individual milking (Rico et al., 2014). There have been 
very limited studies evaluating the changes in mare milk composition within a milking. It 
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is possible that mare milk experiences the same changes in fat content throughout an 
individual milking with greater concentrations of milk fat towards the end of a milking.  
Dietary Effects on Concentration of Milk Components 
 Two different concentrate feeds were used in this study to evaluate effects on 
mare milk composition and yield, one high in NSC and the other low in in NSC. 
Nonstructural carbohydrates are typically digested in the small intestine and absorbed as 
glucose. We hypothesized that increasing dietary NSC would increase glucose to the 
mammary gland, thus increasing milk carbohydrate synthesis. Across all time points, 
there was a trend for FTIR lactose concentration to be higher in the milk of mares fed the 
HC concentrate compared the mares fed the LC concentrate (Table 4.8; P=0.0588). The 
concentration of milk fat was higher in the mares fed the LC concentrate compared to 
mares fed the HC concentrate (P=0.0092). There was no effect of diet on the 
concentration of milk oligosaccharides or protein (P>0.05).  
The effect of diet on the composition of mare milk has received little attention. 
Previous researchers demonstrated that feeding a high grain diet (50:50 forage to 
concentrate ratio) increased milk lactose compared to mares fed a high fiber diet (95:5 
forage to concentrate ratio) (Doreau et al., 1992). Similarly, another study reported that 
lactose concentrations were higher in the milk of mares fed a corn and molasses 
concentrate compared to mares fed corn oil and a fiber supplement (Hoffman et al., 
1998). Although these studies reported measuring lactose, the methods that they used to 
measure lactose may have inadvertently measured total carbohydrates (the sum of lactose 
and oligosaccharides). Doreau et al. (1992) used infrared spectrophotometry to analyze 
lactose content in the mare milk samples. The samples in the study by Hoffman et al. 
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(1998) were analyzed by the Virginia Tech Dairy Laboratory and the methods were not 
specified. However, infrared spectrophotometry is often used for milk analyses. Based on 
the results of the FTIR used in this study, the lactose values produced using infrared 
spectrophotometry appear to represent the total carbohydrate content in mare milk, 
including both lactose and oligosaccharides.   
When analyzing milk oligosaccharides it is necessary to extract carbohydrates and 
purify the oligosaccharides to accurately analyze lactose and milk oligosaccharides 
separately (Mantovani et al., 2016). The current study evaluated both lactose and 
oligosaccharide content in milk and found that increasing the NSC content of the diet 
tended to increase synthesis of FTIR lactose but not oligosaccharides. As discussed 
previously, oligosaccharides are synthesized in the mammary gland by elongating and 
branching a lactose unit to form the various oligosaccharides. Relatively little is known 
about the factors affecting oligosaccharide synthesis, and based on these results, they 
could be different than the factors influencing lactose synthesis. However, in the current 
study we observed considerable variation among mares, which may have limited our 
ability to detect dietary effects.  
Significant individual variation in the concentration of milk oligosaccharides has 
been documented among women (Bode, 2012; Thurl et al., 2017). Differences in milk 
oligosaccharide concentration has been observed in women in different geographical 
locations despite expected genetic similarity (McGuire et al., 2017). These results led the 
authors to believe that environmental factors, such as diet, may have led to the 
differences in milk oligosaccharides. Also, some of the variation in human milk 
oligosaccharide can be explained by the expression of specific fucosyltransferases that 
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are directly related to Lewis blood group (Bode, 2012). Based on the presence of these 
specific enzymes, women can be classified as secretors or non-secretors, indicative of the 
amount of oligosaccharides produced (Thurl et al., 2010; Gabrielli et al., 2011; Azad et 
al., 2018). It is possible that a similar classification may exist in horses to explain a 
portion of the individual variation, but there is currently no data to support this theory. 
The large individual variation in mare milk total oligosaccharides may have masked some 
effects of the experimental concentrates on oligosaccharide concentration. 
Oligosaccharides were measured at fewer time points than milk lactose and additional 
time points during the first week postpartum might have revealed a response to dietary 
carbohydrates. In addition, it is possible that individual milk oligosaccharides may have 
changed in response to diet, but identification and quantification of individual 
oligosaccharides would be needed to investigate this hypothesis.  
The mares fed the LC concentrate in this study had a higher concentration of fat 
in their milk compared to the mares fed the HC concentrate (P=0.0092; Table 4.8). To 
formulate the experimental concentrates to be isocaloric, the fat and fiber content of the 
LC concentrate were increased, primarily by increasing the amount of soybean hulls and 
soybean oil (Table 4.1). Milk fat tends to be the most variable nutrient in milk and the 
composition of the diet has been shown to influence total fat content and fatty acid 
composition in mares (Doreau et al., 1992; Hoffman et al., 1998; Hodge et al., 2017; 
Kouba et al., 2019). Based on previous research, it was not surprising that the 
experimental concentrates in this study altered the concentration of fat in mare’s milk. 
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Dietary Effects on Daily Milk Yield and Nutrient Output 
Although evaluating factors affecting the concentration of nutrients in milk is 
important, the nutrient intake by the foal is not driven by concentration alone, but rather 
by total nutrients produced from the mammary gland. Thus, the daily production of 
nutrients in milk were analyzed by accounting for the concentration of nutrients and daily 
milk yield measured on day 6 and 7 (Table 4.9). Milk yield in L/d tended to be higher in 
mares fed the HC concentrate compared to mares fed the LC concentrate with a mean of 
13.33±0.49 and 11.90±0.53 L/d, respectively (P=0.0653; Table 4.9). When the mare’s 
BW was accounted for, the difference in milk yield between treatment groups was more 
pronounced (P=0.0350).  
There are many factors capable of influencing the total amount of milk produced, 
for example the uptake of nutrients by the mammary gland, osmotic pressure, fluid 
transport rate, and mammary blood flow (Cai et al., 2018). Lactose synthesis and 
secretion from the mammary epithelial cells has been shown to be the main driving force 
for the osmotic regulation of water diffusion into the alveoli (Cant et al., 2002; Curtis et 
al., 2014). Additionally, dietary carbohydrates have been shown to influence milk yield in 
dairy cows by altering lactose synthesis. Infusion of starch into the abomasum of dairy 
cows increased glucose uptake by the mammary gland and thus, increased milk yield 
(Rius et al., 2010). In the current study, the postprandial glucose test demonstrated that 
feeding mares a concentrate high in NSC increased plasma glucose to a greater extent 
than feeding a concentrate low in NSC. The increase in glucose available to the 
mammary gland when fed the HC concentrate increased lactose synthesis (Table 4.8) and 
thus, increased the total milk yield (Table 4.9). As seen in other species, lactose synthesis 
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appears to be an important regulator of milk yield in horses and can be influenced by the 
composition of the diet. 
 The trend observed in the concentration of lactose between the treatment groups 
held true when milk yield was accounted for; daily lactose output (g/d) tended to be 
higher in mares fed the HC concentrate compared to mares fed the LC concentrate 
(P=0.0704; Table 4.8). Following the same trend as the concentration data, there was no 
difference in total oligosaccharide production between treatment groups on day 7 
(P=0.7907).  
In contrast to the milk carbohydrates, daily output of milk fat and protein 
followed different patterns compared to the concentrations of these nutrients. Although 
there were differences in the concentration of milk fat between treatment groups 
(P=0.0092), when total milk yield was accounted for, the treatment differences were no 
longer present (P=0.6849; Table 4.9). In contrast, there were no main effects of diet on 
protein concentration in mare milk (P=0.5937), but when accounting for milk yield, there 
was a difference in daily protein output; HC mares had higher protein output in milk 
compared to LC mares (P=0.0247; Table 4.9). The difference in diet effects between the 
concentration and total output of nutrient in milk highlights the importance of evaluating 
both the composition of milk and also milk yield. Evaluating the composition alone may 
be inadequate to draw conclusions on factors influencing mare milk.  
Conclusions  
Analyzing carbohydrates in mare milk presents several challenges. Infrared 
spectrophotometry is commonly used to analyze milk composition of many species. We 
found that the lactose values produced by the FTIR instrument were more representative 
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of the total carbohydrate content of mare milk, including both lactose and 
oligosaccharides, rather than lactose alone. Methods were validated for the extraction and 
purification of total oligosaccharides in mare milk. This study was the first to report a 
change over time in total oligosaccharides in mare milk, which were the highest within 
12 h postpartum and then decreased within the first week postpartum. However, the 
implications of the oligosaccharide content in mare milk on foal health is not well 
understood. More research is needed to fully understand the factors influencing 
oligosaccharide synthesis and their role in foal health. 
The composition of the diet is an important factor capable of influencing mare 
milk composition and yield and ultimately the amount of nutrients available to the foal. 
These results demonstrate that feeding broodmares a concentrate high in NSC increases 
glucose availability to the mammary gland, thus altering the synthesis of milk 
carbohydrates. The change in carbohydrate synthesis is then reflected in the total amount 
of milk produced via osmotic regulation. This study did not detect an effect of diet on 
total milk oligosaccharide concentration but future work should evaluate effects on 











Tables and Figures  
Table 4.1: Ingredients and chemical composition of the high nonstructural carbohydrate 
(HC) concentrate and low nonstructural carbohydrate (LC) concentrates (DM basis) 
Item HC LC 
Ingredient, %   
Ground Oats 75.00 23.25 
Soybean Meal (48%) 13.00 15.25 
Molasses with Fat Blend 6.10 5.85 
CDP 1.50 1.85 
Calcium Carbonate 1.25 0.50 
Alfalfa Meal 1.00 1.00 
Soybean Hulls 1.00 45.00 
White Salt 0.50 0.50 
Soybean Oil 0.35 6.00 
McCauley Vitamin Premixa 0.10 0.10 
McCauley Trace Mineral Premixb 0.10 0.10 
Mold Zap 40 0.10 0.10 
Alltech All-Bind - 0.50 
Chemical Compositionc    
DM, % 90.05 90.40 
CP, % 16.20 16.00 
NSC, %d 43.95 17.85 
Crude Fat, % 5.25 8.70 
ADF, % 10.85 29.60 
NDF, % 21.20 34.50 
Starch, % 38.25 10.90 
WSC, %e 5.70 6.95 
DE, Mcal/kgf 1.53 1.36 
Calcium, % 1.10 1.22 
Phosphorus, % 0.68 0.66 
Ca:P Ratio 1.61 1.85 
Magnesium, % 0.18 0.26 
aProvides 26.25 ppm Cu, 60 ppm Mn, 0.4 ppm Se, 75 ppm Zn. 
bProvides 9.75 IU/kg vitamin A, 1.76 IU/kg vitamin D3, 233.91 IU/kg vitamin E, 0.10 
mg/kg biotin, 40.77 mg/kg pantothenic acid, 1.90 mg/kg vitamin K, 9.71 mg/kg thiamine, 
61.06 mg/kg niacin, 6.54 mg/kg riboflavin, 2.89 mg/kg folic acid, 6.77 mg/kg pyridoxine, 
0.03 mg/kg vitamin B12. 
cAnalyses performed by Dairy One (Ithaca, NY) presented as means (n=2) 
dNSC calculated by adding % starch and % water soluble carbohydrates 
eWSC: water soluble carbohydrates  
fEstimated as follows (NRC, 2007): DE (Mcal/kg) = 4.07 - 0.055 x (% ADF) 
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Table 4.2: Foaling variables for mares fed either High nonstructural carbohydrate (NSC) 
concentrate (HC) or Low NSC concentrate (LC) 
Parameter HC LC P-value 
Days of gestation 349.4±2.6 346.5±2.7 0.4448 
Colostrum score, Brix %a 22.4±1.5 24.1±1.6 0.4579 
Foal birth wt as % of mare BWb 9.89±0.24 10.16±0.27 0.4716 
Placental wt as % of foal birth wt 11.89±0.78 11.86±0.88 0.9788 
Mare postpartum BW, kg 576.2±16.5 580.9±18.7 0.8551 
Data presented as least squares means ± standard error of the mean 
a Measured using an Equine Refractometer  




















Table 4.3: Validation of the FTIRa spectroscopy method for analysis of mare milk 
composition 
Component Regression equationb 
Correlation 
coefficient (r)  
P-value 95% Confidence intervals 
Slope Intercept 
Protein Y = 0.986X - 0.088 0.999 <0.0001 0.967 1.004 -0.233 0.056 
Fat Y = 0.812X + 0.180 0.997 <0.0001 0.769 0.855 0.090 0.270 
FTIR Lactose 
vs  Total Carbc 
Y = 0.887X 
+ 0.572 0.982 <0.0001 0.842 0.998 0.072 0.831 
a Fourier Transform Infrared spectroscopy  
bY = wet chemistry value; X = FTIR spectroscopy value 
























Table 4.4: Removal of lactose from mare milk samples using solid phase extraction 
(SPE) 
Lactose, 
mM Pre-SPE Post-SPE 
% Lactose 
Remaining 
Sample A 6.938 0.385 5.55 
Sample B 6.719 0.337 5.02 
Sample C 6.855 0.355 5.18 

























Table 4.5: Linearity of HPAEC-PADa response for selected milk oligosaccharides and 
recovery after solid phase extraction (SPE) 
Peak Regression equationb 
Correlation 
coefficient (r)  
% Recovery after SPEc 
Sample A Sample B Sample C Avg 
1 Y = 4.439X + 0.179 0.980 83.43 83.83 80.98 82.75 
2 Y = 1.908X + 0.001 0.994 96.57 99.81 85.50 93.96 
3 Y = 1.034X - 0.009 0.974 77.67 84.77 78.89 80.44 
4 Y = 0.744X + 0.013 0.974 80.97 81.58 70.06 77.54 
a High Performance Anion Exchange Chromatography with Pulsed Amperometric 
Detection 
b Y, Peak area; X, nominal concentration (% of stock solution) 

























Figure 4.1: Changes in plasma glucose after a meal of concentrate containing either High 
nonstructural carbohydrate (NSC) or Low NSC (n=4). Data presented as LS means ± 
SEM. * indicates difference between treatment groups (P<0.05). There was a treatment 










































Table 4.6: Plasma glucose response during a post-prandial glucose (Glc) test in mares 
fed either High nonstructural carbohydrate (NSC) concentrate (HC) or Low NSC 
concentrate (LC)a   
Treatment Peak Glc, mmol/L 
Time to Peak 
Glc, min Glc AUC
b 
HC 7.84±0.49 120±8.7 532.78±67.8 
LC 6.48±0.49 90±8.7 216.85±67.8 
P-value 0.0967 0.0498 0.0165 
a Data presented as least squares means ± standard error of the mean 

























Table 4.7: Changes over time in mare milk composition from parturition to 21 d 
postpartum 




























































a Fourier Transform Infrared spectroscopy  
Data presented as least squares means ± standard error of the mean 
Letters indicate differences between time points within milk component (P<0.05) 

















Table 4.8: Effect of diet on concentration of milk components in mares fed either High 
nonstructural carbohydrate (NSC) concentrate (HC) or Low NSC concentrate (LC) across 
time points 
Concentration, g/La HC LC P-value 
FTIR Lactoseb 58.27±0.68 56.24±0.77 0.0588 
Oligosaccharides 4.58±0.38 3.93±0.43 0.2708 
Protein 46.27±2.60 48.39±2.95 0.5937 
Fat 17.90±1.09 22.44±1.23 0.0092 
Total Solids 137.66±2.49 142.05±2.83 0.2548 
a Differences in milk composition between treatment groups are across all time points 
b Fourier Transform Infrared spectroscopy  























Table 4.9: Effect of diet on milk yield and daily nutrient production in mares fed either 
High nonstructural carbohydrate (NSC) concentrate (HC) or Low NSC concentrate (LC) 
Daily production, g/da HC LC P-value 
FTIR Lactoseb 843.67±34.02 745.49±36.37 0.0704 
Oligosaccharides 38.16±6.74 35.48±7.20 0.7907 
Protein 353.29±16.28 292.79±17.40 0.0247 
Fat 192.24±26.92 208.59±28.78 0.6849 
Total Solids 1493.5±70.9 1343.7±75.8 0.1724 
Yield, L/d 13.33±0.49 11.90±0.53 0.0653 
Yield, % of BWc 2.30±0.07 2.04±0.08 0.0350 
Data presented as least squares means ± standard error of the 
a Composition in g/d calculated using nutrient concentration and milk yield at 7 d  
b Fourier Transform Infrared spectroscopy 


















CHAPTER 5: DETERMINING THE EFFECTS OF MATERNAL DIET, MILK 
COMPOSITION, AND MILK YIELD ON FOAL FECAL BACTERIA AND 
DIARRHEA IN FOALS 
Introduction 
The microbial community in the gastrointestinal tract (GIT) in foals serves two 
important functions: breaking down compounds to make nutrients available for 
absorption and to protect the GIT from pathogens. Pathogenic microorganisms, such as 
salmonella and clostridium, can cause disease by production of toxins and by adhering to 
enterocytes and damaging the intestinal lining (McNamara et al., 2001). In healthy foals, 
the commensal microbial community prevents pathogens from proliferating by 
mechanisms like competitive exclusion and production of antimicrobial compounds 
(Fooks and Gibson, 2002). However, the microbial community is not always successful 
in preventing intestinal disease such as neonatal foal diarrhea.  
Although diarrhea is commonly reported in foals within their first 6 mo of life, a 
single causative agent has not been identified (Frederick et al., 2009). It is possible that 
brief periods of diarrhea that resolve without treatment during the first month of life (also 
known as “foal heat” diarrhea) arise from different causes than clinically relevant 
infectious diarrhea that requires treatment. The factors predisposing the foals to develop 
either foal heat diarrhea or infectious diarrhea are currently unknown. Factors that 
promote the establishment of commensal bacteria may aid in protecting the microbiome 
and diminishing the incidence of diarrhea. Previous research has suggested that maternal 
diet can affect the GI microbial community of foals and bacteria from foal feces can 
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utilize milk carbohydrates as substrate for growth as discussed in Chapter 3 (Pyles et al., 
2018). 
The objectives of this study were to evaluate the relationships among maternal 
diet, milk production and composition, foal fecal bacteria, and diarrhea.  
Materials and Methods  
 Procedures for this study were approved by the Institutional Animal Care and Use 
Committee at the University of Kentucky.  
Animals and Management   
This experiment was conducted in conjunction with the experiment described in 
Chapter 4. The study began with 18 pregnant Thoroughbred mares, paired by last 
breeding date and assigned to one of two experimental concentrates; a high nonstructural 
carbohydrate (NSC) concentrate (HC) or a low NSC concentrate (LC). The chemical 
composition of the experimental concentrates can be seen in Table 4.1 The mares were 
adapted to the experimental concentrates at 319 d of gestation and had ad libitum forage 
and water throughout the study. After parturition, the concentrate meals were fed three 
times per day. Individual nosebags were used to feed the concentrate meals when mares 
were comingled with other mares and foals or when in individual pens, hanging fence 
feeders were used for concentrate meals. As described in Chapter 4, two mares in the LC 
group were removed from the study due to complications at or shortly after parturition. 




All foalings were attended and assistance was provided as needed during 
parturition. Colostrum was collected from each mare at parturition before the foal 
suckled. An equine refractometer (Animal Reproduction Systems, Inc., Chino, CA) was 
used to measure the Brix % at parturition as an indirect measure of immunoglobulin 
content. If the Brix % was less than 21, supplemental colostrum (230-470 mL) was 
provided to the foal. If supplemental colostrum was needed, the colostrum used had been 
collected from mares on the farm and frozen.  
The mare and foal pairs were housed in box stalls (3.5 x 3.5 m) at night and 
individual round pens during the day for 1 to 4 d after parturition. By approximately 1 wk 
postpartum, mare and foal pairs were no longer in box stalls at night and were comingled 
with other mares and foals in paddocks (2-4 pairs per paddock). Each mare-foal pair was 
moved to progressively larger paddocks appropriate to the foal’s growth and 
development. 
 Birth weights and mare postpartum weights were recorded then mares and foals 
were weighed weekly for the duration of the study. The foal body weights were used to 
calculate average daily gain (ADG). 
Fecal Samples and Bacterial Enumerations  
 Fresh fecal samples were collected from foals during or immediately after 
defecation. If samples were collected after defecation, only the center of the pile was 
collected to avoid contamination from the stall floor. All samples were collected using 
sterile gloves and sterile specimen cups. Foals were sampled approximately 12 h after 
birth, and on days 3, 7, 14, and 21. The actual time post-foaling for the 12 h samples 
ranged from 5 to 20 h with a mean of 11 h 47 min.  
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 Sterile Hungate tubes were used for bacterial enumerations. Fecal samples were 
homogenized by hand and an approximately 1 g subsample was placed in a warmed (37 
°C) pre-weighed Hungate tube. Samples were kept anaerobic by purging air from the tube 
using sterile tuberculin needles and CO2. Samples were transported to the laboratory at 37 
°C in block heaters and a cooler within 2 h of collection.  
 Samples were serial diluted (101-1010) in the laboratory using sterile phosphate 
buffered saline (PBS; Appendix F). The dilutions were used to inoculate media for 
enumeration of select bacterial groups. An enriched, anaerobic liquid medium containing 
starch as the sole substrate (10 g/L of starch) was used to enumerate total amylolytic 
bacteria (Appendix G). Lactate-utilizing bacteria were enumerated using a selective, 
anaerobic medium with lactate as the substrate (Appendix H). Cellulolytic bacteria were 
enumerated with an anaerobic medium with a strip of filter paper (Whatman #1; 4 g/L 
media) as the sole substrate (Appendix I). Amylolytic, lactate, and cellulolytic media 
were prepared with 4.5 mL of media in each tube then inoculated with 0.5 mL from 
appropriate PBS dilutions. The inoculated lactate and amylolytic media were incubated 
for 3 d at 37 °C and bacterial growth was determined by the turbidity of the inoculated 
media. Inoculated cellulolytic media were incubated for 10 d at 37 °C and the dissolution 
of cellulose was used to determine bacterial growth. Lactobacillus spp. were enumerated 
using Rogosa agar medium (Appendix J; BD, Franklin Lake, NJ) by inoculating the 
plates with 0.20 mL of the PBS dilutions. All colonies were counted on plates containing 
20-200 colonies after 3 d of aerobic incubation at 37 °C. The highest dilution exhibiting 
bacterial growth in each media type were recorded and the number of bacteria for each 
media type were calculated using the appropriate dilution factor.  
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 Foals were observed daily for diarrhea. A 6 point fecal scoring system was 
adapted from Werner (2001) and John et al. (2015) and used to determine onset and 
duration of diarrhea (Table 5.1). A score of 5 or 6 was considered diarrhea. The total 
number of days with a fecal score of 5 or 6 was recorded in addition to the total number 
of bouts of diarrhea for each foal. One or more consecutive days with a fecal score of 5 or 
6 was considered a single bout of diarrhea.  
Milk Composition and Yield 
 Milk samples were collected from mares on the same days as the fecal samples; 
12 h, 3, 7, 14, and 21 d postpartum. Samples were collected from mares by hand during 
milk let down while the foal was nursing. The concentration of milk components, 
including fat, protein, and carbohydrates, were analyzed at the University of Kentucky 
Regulatory Services Milk Laboratory using Fourier Transform Infrared spectroscopy 
(MilkOScan FT2, Foss, Denmark). The instrument was calibrated using raw lowfat non-
fortified cow milk (Eurofins DQCI, MN, USA). Validation of the infrared-based milk 
analyzer for use with mare milk is described in Chapter 4. Milk oligosaccharides were 
analyzed in milk samples as described in Chapter 4. Briefly, milk carbohydrates were 
extracted after mixing and repeated centrifugation with chloroform and methanol. The 
total carbohydrates were dried via centrifugal evaporation, resolubilized and the milk 
oligosaccharides were purified using solid phase extraction. The resulting total 
oligosaccharides were dried and quantified gravimetrically.  
 Daily milk yield was estimated at 6 and 7 d postpartum. Mare and foal pairs were 
brought into individual box stalls, the foals were allowed to nurse to ensure the mare’s 
udder was empty, then a muzzle was placed on the foal for 2 h. The muzzle was removed 
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and the foal was allowed to nurse one side of the udder while the opposite side of the 
udder was milked. Milking the udder was accomplished either by hand or using a hand-
held milker (Udderly EZ Mare Milker, EZ Animal Products, Lexington, KY, USA). The 
muzzle was replaced for an additional 2 h followed by the same milking procedure. The 
following day, the entire 4 h milking was repeated on the opposite side of the udder. 
Milking was continued until the foal was no longer interested in nursing (15-20 min). The 
total volume of milk collected was recorded and used to calculate daily milk yield.  
Statistical Analyses  
 Data were analyzed using SAS software version 9.4 (SAS Institute Inc., Cary, 
NC, USA). The bacterial enumeration data were normalized by log10 transformation 
before statistical analysis. Mixed model ANOVA was used to test the effects of maternal 
diet, sample day, and diet by day interactions (PROC GLIMMIX). Means were separated 
using an LSD test when interactions were significant. Degrees of freedom were estimated 
using Kenward-Rogers approximation. Sample day was used as the repeated measure and 
the autoregressive (1) covariance structure was used in the repeated statement.    
 Regression analysis was used to calculate foal ADG. Effects of maternal diet on 
foal birth wt, ADG, total days with diarrhea, and number of diarrhea bouts were 
compared using a t-test. The bacterial enumerations from foals with or without diarrhea 
were compared using a t-test. Relationships among the variables were evaluated using 
regression analyses and Pearson’s correlation coefficient to determine significance 
(PROC CORR). P-values < 0.05 were considered significant and a trend was considered 
when P < 0.10.  
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Results and Discussion 
 Effect of Maternal Diet on Foal Fecal Bacteria 
Chapter 4 discussed the effects of feeding either the HC or LC concentrate on the 
yield and composition of mare milk. Feeding the HC concentrate increased synthesis of 
milk carbohydrates and subsequent milk yield in the mares. From these results, we 
hypothesized that the changes in milk carbohydrates and yield would influence the 
bacterial groups in the foals’ GIT. Four functional groups of bacteria were enumerated in 
the feces of foals from dams fed either a high NSC or low NSC concentrate feed (HC and 
LC, respectively); amylolytic bacteria, Lactobacillus spp., lactate-utilizing bacteria, and 
cellulolytic bacteria. There were no main effects of maternal diet on the fecal bacterial 
groups enumerated in foal feces (P>0.05; Table 5.2).  
Although there were no significant main effects of maternal diet on fecal bacteria, 
the numerical difference (P-value 0.1521) between diets for lactobacilli may reach 
significance if the study was repeated with a larger number of foals. The number of 
lactobacilli were numerically higher in the foals from the HC mares compared to the LC 
mares at 12 h, 3 d, and 7 d of age (Table 5.3). A power test was conducted using the 
means from this study, an alpha of 0.05, 80% power, and a standard deviation of 0.31. 
The test revealed that a sample size of 10 horses in each group would be needed to detect 
a main effect of maternal diet on lactobacilli. We began the study with 9 mare/foal pairs 
in each treatment group. However, due to complications described earlier, only 7 and 9 
foals completed the study in the LC and HC groups, respectively. A difference in the 
number of lactobacilli in the foals would be in agreement with the hypothesis that altering 
the carbohydrates in milk would alter the bacterial groups in foal feces.  
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In a previous study, lactobacilli were higher in the feces of foals from mares fed 
an oat-based concentrate compared to foals from mares fed a corn and wheat midds-
based concentrate (Pyles et al., 2018). Milk composition was not analyzed in that study, 
but it is possible that the concentrates fed to the mares altered milk composition, leading 
to the differences observed in foal fecal bacteria. In the current study, milk composition 
was altered by feeding a concentrate high in NSC compared to feeding a low NSC 
concentrate (Chapter 4). Specifically, daily milk yield was increased and the 
carbohydrate content in milk tended to be higher in HC mares compared to LC mares 
(P<0.05 and P<0.10, respectively). Furthermore, Chapter 3 demonstrated the ability of 
foal fecal bacteria to utilize carbohydrates found in milk. Thus, the increased availability 
of milk carbohydrates to the foals in the HC group would increase substrates available to 
the microbial community in the GIT. A difference in milk carbohydrates between 
treatment groups could be reflected in the number of carbohydrate-utilizing bacteria, such 
as lactobacilli, in the foals. Enumerating bacteria with a media containing milk 
carbohydrates as the growth substrate, such as galactooligosaccharides or lactose, may 
have provided additional insight into the effects of milk composition on foal fecal 
communities.   
There was a maternal diet by sample day interaction for lactate-utilizing bacteria 
(P=0.0116; Figure 5.1) but no interactions were present in the other bacterial groups 
(P>0.05; Table 5.2). At 12 h after birth, lactate-utilizing bacteria were higher in the feces 
from foals from the LC mares compared to the foals from the HC mares (P=0.0026; 
Figure 5.1). However, at 7 d HC foals tended to have more lactate-utilizing bacteria 
compared to LC foals (P=0.0560). Maternal diet did not affect the number of lactate-
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utilizing bacteria in foal feces at 3, 14, or 21 d of age (P>0.05; Figure 5.1). Faubladier et 
al. (2013) also reported an effect of maternal diet on foal fecal bacteria groups. 
Specifically, in the first few days after birth, lactate-utilizing bacteria were higher in the 
feces of foals from mares supplemented with a fermented feed product.  
Changes over Time in Fecal Bacterial Groups 
The first 24 h after birth appears to be a critical time in the establishment of the 
microbial community. At birth, there are very few or no microbes in the GIT but within 
24 h, the microbial community is abundant and diverse (Earing et al., 2012; Faubladier et 
al., 2013; Quercia et al., 2019). Amylolytic bacteria, including lactobacilli, and lactate-
utilizing bacteria are among the initial colonizers in the foal’s GIT. All four bacterial 
groups changed over time in fecal samples collected from foals (P<.0001; Figure 5.3). As 
reported previously, during the first 3 wk of life, there was a rapid and early 
establishment of bacteria in the foals’ GIT (Earing et al., 2012; Costa et al., 2015b; Pyles 
et al., 2018; Quercia et al., 2019). Amylolytic bacteria, lactobacilli, and lactate-utilizing 
bacteria were already abundant by 12 h after birth, whereas cellulolytic bacteria were not 
detected in most foals until 7 d of age.  
In the current study, there was a positive relationship between the number of 
lactobacilli and lactate-utilizing bacteria in foal feces at 12 h after birth (r=0.6193, 
P=0.0182; Figure 5.2). The relationship between these bacterial groups could be the 
result of cross-feeding in the microbial community. Activity in amylolytic bacteria, such 
as lactobacilli, would most likely result in the production of acetate and lactate, as 
reported in previous research in foals (Sakaitani et al., 1999; Faubladier et al., 2013). The 
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increase in production of lactate would provide substrate for the lactate-utilizing bacteria 
which in turn, would produce propionate and butyrate (Louis et al., 2007).  
 The greatest change in the number of bacteria was observed between 12 h and 3 d 
after birth. Amylolytic bacteria increased over 100,000 fold, lactobacilli increased over 
1,000 fold, and lactate-utilizing bacteria increased over 200,000 fold between 12 h and 3 
d. Between 3 and 21 d of age, amylolytic bacteria remained stable (P>0.05), lactobacilli 
increased from 3 to 14 d (P<0.05), and lactate-utilizing bacteria decreased from 3 to 21 d 
of age (P<0.05). Cellulolytic bacteria also increased with age (P<0.05), the greatest 
increase was between 7 and 14 d (over 1,000 fold increase). By 21 d of age, the mean 
number of cellulolytic bacteria was 3.33x105 cells/g of feces. The changes over time in 
the bacterial groups enumerated from foal feces are similar to previous research 
(Faubladier et al., 2013; Pyles et al., 2018). 
Relationships among Foal Fecal Bacteria and Diarrhea 
Many changes in the foal’s GIT are occurring during the first 3 wk of life, 
including changes in bacterial groups observed in this study. Previous research has 
indicated that imbalances in the microbial community can lead to diseases of the GIT, 
including diarrhea in foals (Kuhl et al., 2011; Costa and Weese, 2012). Despite the high 
prevalence of diarrhea observed in foals, little is known of the factors related to diarrhea 
risk. During the course of the current study, 12 of the 16 foals had diarrhea at least once. 
Foals with diarrhea had between 1 and 3 bouts. Although 75% of the foals had at least 
one bout of diarrhea, none of the foals required treatment and the diarrhea resolved 
spontaneously. Figure 5.4 represents the distribution of the diarrhea by age. The majority 
of the diarrhea was observed in foals between 6 and 15 d of age. There was no difference 
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in the number of bouts of diarrhea between treatment groups (P=0.9062) or the total 
number of days with diarrhea (P=0.9803; Table 5.4).  
In addition to evaluating the effects of maternal diet on the incidence of diarrhea 
in foals, other factors related to diarrhea were explored. These factors included 
enumeration of commensal bacteria, mare milk yield, and milk composition. In this 
study, four fecal bacterial groups were enumerated in foal feces. The bacterial groups 
enumerated are considered commensal members of microbial community as they are 
commonly detected in the GIT of healthy growing and adult horses (Costa et al., 2015b; 
Harlow et al., 2016a; Grimm et al., 2017; Murray et al., 2017). The number of lactobacilli 
and lactate-utilizing bacteria at 12 h and 3 d, respectively, were positively related to 
subsequent bouts of diarrhea in foals (P<0.05; Figure 5.5). Lactobacilli are typically 
considered beneficial microbes in the GIT for many species as they have many positive 
health benefits (Fooks and Gibson, 2002). While lactobacilli may provide some health 
benefits, such as competitive exclusion and bacteriocin production, the use of different 
lactobacillus species in foals as a probiotic has not proven beneficial in protecting against 
diarrhea. Rather, several studies have resulted in negative effects of lactobacilli 
supplementation in foals on incidence of diarrhea (Weese and Rousseau, 2005; 
Urubschurov et al., 2019). The results from the current study demonstrate that an 
overabundance of lactobacilli may lead to subsequent diarrhea, as seen in the probiotic 
studies.    
There was a positive relationship between lactobacilli and lactate-utilizing 
bacteria in the foals in this study (Figure 5.2), demonstrating the cross-feeding that occurs 
in the foal’s GIT. However, it’s possible that an imbalance between lactobacilli and 
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lactate-utilizing bacteria may lead to diarrhea. When comparing foals with or without 
diarrhea, lactate-utilizing bacteria were higher at 3 d in foals that had diarrhea (6.3x108 
cells/g of feces) compared to foals that did not have diarrhea (5.6x107 cells/g of feces; 
P=0.0312). Lactobacilli were not different between foals with or without diarrhea 
(P=0.5592). The ratio lactobacilli to lactate-utilizers (log10 transformed) was also 
evaluated at 12 h and was not different between foals with or without diarrhea 
(P=0.6899), however, at 3 d of age, the ratio of lactobacilli to lactate-utilizers was lower 
in foals with diarrhea (0.62 ± 0.027) compared to foals without diarrhea (0.74 ± 0.043; 
P=0.0401).  
Lactate is an intermediate in carbohydrate digestion by microbes in the hindgut of 
the horse. Lactobacilli, streptococci, and enterococci (among others) will utilize 
carbohydrates such as lactose and milk oligosaccharides and produce lactate as a 
byproduct. The lactate is then utilized by lactate-utilizing bacteria, such as Megasphaera 
esldenii, to produce propionate, valerate, and H2. Lactate accumulation can lead to 
detrimental consequences such as acidosis (Al Jassim and Andrews, 2009; Daly et al., 
2012). However, excess H2 production has been implicated in gastrointestinal bloating, 
cramping, and discomfort in human infants (Pham et al., 2017). Furthermore, valerate has 
been used as an indicator of acidosis in ruminants (Bramley et al., 2008). Studies that 
have investigated probiotic use in foals have not found positive effects of probiotics 
containing lactobacilli (Weese and Rousseau, 2005). Rather the majority of studies have 
seen an increase in diarrhea with probiotic supplementation. These studies did not report 
changes in lactate-utilizing bacteria. The balance between lactate-producing and lactate-
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utilizing bacteria appears important to the health of neonate, as demonstrated in this study 
by the relationship between this balance and incidence of diarrhea in foals.  
The foals with diarrhea in this study experienced self-limiting diarrhea and did not 
require treatment. The authors of the probiotic studies in foals did not differentiate 
between pathogenic and non-pathogenic diarrhea in the probiotic-treated foals or if the 
foals required treatment. If the cases of diarrhea were self-limiting and didn’t require 
treatment, then the question of the cause of the diarrhea still remains. If the relationship 
between lactic-acid bacteria and lactate-utilizing bacteria is related to incidence of non-
pathogenic diarrhea (as seen in the current study), it’s possible that an imbalance of these 
bacterial groups may alter the profile of the metabolic products of microbial fermentation 
(volatile fatty acids). The changes in production of volatile fatty acids may be driving the 
change in fecal consistency by drawing fluid into the GIT of the foal.   
Relationships among Milk Composition and Yield and Foal Fecal Bacteria 
 In the neonatal period of the foal’s life, mare milk serves as the sole nutrient 
source and continues to serve as a primary source of nutrients for the foal through 
weaning. Although the importance of milk to the overall health of the foal is recognized, 
very little is known of the influence of mare milk yield and composition on the GI health 
of the foal. In this study, both milk yield and composition were analyzed and the 
relationship between mare milk and foal fecal bacteria and diarrhea were evaluated. 
There was a positive relationship between milk oligosaccharide concentration on day 3 
and fecal lactobacilli (Figure 5.6; P=0.0146). However, the relationship between milk 
oligosaccharide concentration and diarrhea was not significant. There was no significant 
relationship between daily milk yield at day 6 and 7 and diarrhea in the foals (P>0.05). 
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There was a positive relationship between the daily milk fat output and bouts of diarrhea 
(P=0.0036; Figure 5.6). Mares that produced more milk fat per day had foals with more 
bouts of diarrhea.  
 Milk yield was not directly related to diarrhea in the foal but was related to the 
number of cellulolytic bacteria in foal feces. There was a negative relationship between 
daily milk yield at day 6 and 7 and cellulolytic bacteria at day 14 (P=0.0004; Figure 5.6). 
Previous research has demonstrated the change over time in nursing frequency and the 
percent of time spent foraging by foals (Crowell-Davis et al., 1985; Bolzan et al., 2020). 
Cellulolytic bacteria are not among the initial colonizers in the foal’s GIT, but rather 
colonize between 4 and 7 d of age (Faubladier et al., 2013; Pyles et al., 2018). The 
appearance of cellulolytic bacteria in the feces of foals must be supported by substrate 
available for the fiber-digesting bacteria. The fiber to support colonization by 
cellulolytics could be supplied from various sources, including hay, pasture, or even from 
coprophagy.  
  This is the first report of a relationship between milk yield and fiber-digesting 
bacteria in foals. This negative relationship between milk yield and cellulolytic bacteria 
may infer that the foals from high milk producing mares are consuming less solid feed 
and fiber to support the establishment of fibrolytic bacteria. An additional mechanism 
behind the relationship between milk yield and cellulolytic bacteria could be in the 
number of lactic acid producing bacteria. Increase in milk yield would supply increased 
milk carbohydrates available for utilization by the microbial community, including lactic-
acid producing bacteria. Chapter 3 discussed the ability of foal fecal bacteria to utilize 
both lactose and galactooligosaccharides. It’s possible that the foals from high milk 
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producing mares have an increased number of lactic-acid producing bacteria, creating a 
more acidic environment that may delay the colonization of cellulolytic bacteria.   
CONCLUSIONS 
 Changes in the microbial community of the foal’s GIT has been observed in many 
studies. However, the factors influencing those changes are not well understood nor are 
the effects of those changes on the GI health of the foal. Shifts in the balance of lactate-
producing and lactate-utilizing bacteria may be an important factor to consider in regards 
to foal diarrhea. The production of VFAs and changes in the VFA profile can cause 
problems in adult horses (Al Jassim and Andrews, 2009; Grimm et al., 2017). There may 
be similar consequences of changes in the VFA profile in foals due to major changes in 
functional groups of bacteria.  
Establishment of cellulolytic bacteria is important to the foal as they change from 
a milk-based diet to a forage-based diet. Milk yield appears to play an important role in 
the colonization of cellulolytic bacteria. Foals from high milk producing mares may be 
delayed in the establishment of cellulolytic bacteria. The mechanism behind this 
relationship is yet to be explored. In addition to total milk yield, individual milk 
components may also be important factors influencing foal gut health. Milk 
oligosaccharides serve as prebiotics for the developing microbiome; lactobacilli were 








Tables and Figures  
 
Table 5.1: Fecal scoring system1 
Score Description 
1 Hard, dry or clay-like fecal balls, requires much effort to expel 
2 Firm, formed feces, but not hard 
3 Soft, pliable feces, with visible shape 
4 Mushy feces, not formed, no visible shape 
5 Liquid base with particulate matter 
6 Watery diarrhea, no particulate matter 
1 Adapted from: Werner (2001); John et al. (2015) 




















Table 5.2: Effect of maternal diet (high or low nonstructural carbohydrate concentrate), 
sample day, and maternal diet by day interaction on foal fecal bacteria  
Bacterial group, CFU/g fecesa 







Amylolytic bacteria 0.7585 <.0001 0.4392 
Lactobacilli 0.1521 <.0001 0.3961 
Lactate-utilizing bacteria 0.3136 <.0001 0.0116 
Cellulolytic bacteria 0.4251 <.0001 0.3053 
























Table 5.3: Effect of maternal diet on lactobacilli in foal feces 
 Lactobacilli, CFU/g of fecesa 
Sample Day HCb LCc 
12 h 3.34x102±0.29 1.75x102±0.38 
3 d 4.07x105±0.34 1.42x105±0.43 
7 d 1.63x106±0.29 2.15x105±0.38 
14 d 1.57x106±0.29 7.03x106±0.38 
21 d 1.54x106±0.29 3.02x105±0.38 
Across all days 2.51x105±0.13 1.0x105±0.12 
Data presented as back-transformed least squares means±SEM (log10 transformed) 
aCFU: colony forming units 
bHC: foals from mares fed a high nonstructural carbohydrate concentrate 












Figure 5.1: Lactate-utilizing bacteria in the feces of foals from dams fed either a high 
nonstructural carbohydrate (NSC) concentrate (HC) or a low NSC concentrate (LC). Data 
presented as back transformed least squares means. Letters indicate differences between 
sample days across treatment group and * indicates differences between treatment groups 
within sample day (P<0.05) and † indicates a trend for differences between treatment 
groups within sample day (P<0.10). There was a maternal diet by sample day interaction 
for lactate-utilizing bacteria (P=0.0164). Pooled SEM is log10 transformed 0.268.  
 





































Figure 5.2: Relationship between the number of lactobacilli and lactate-utilizing bacteria 
in foal feces 12 h after birth. Each • represents the number of lactobacilli and lacate-
utilizing bacteria from an individual foal at the 12 h time point (log10 transformed; n=14). 




































Figure 5.3: Changes over time in amylolytic bacteria, lactobacilli, lactate-utilizing 
bacteria, and cellulolytic bacteria in foal feces from 12 h to 21 d after birth. Data 
presented as back transformed least squares means. Letters indicate differences between 
sample days within bacterial group (P<0.05). There was a main effect of sample day 
amylolytic bacteria, lactobacilli, lactate-utilizing bacteria, and cellulolytic bacteria 
(P<0.0001). Pooled SEM are log10 transformed amylolytics 0.209, lactobacilli 0.210, 























































Table 5.4: Effect of maternal diet on foal birth weight, ADG, days with diarrhea, and 
bouts of diarrhea 
Parameter HCa LCb P-value 
Foal birth weight, kg 57.0±1.98 58.9±2.25 0.5461 
Foal ADG, kg/d 1.88±0.07 1.98±0.08 0.3295 
Total days with diarrhea, d 1.44±0.42 1.43±0.47 0.9803 
Bouts of diarrheaa 1.11±0.29 1.00±0.33 0.8062 
Data presented as least squares means±SEM 
a ≥1 consecutive days with diarrhea 
b HC: foals from mares fed a high nonstructural carbohydrate concentrate 

























Figure 5.4: Incidence of diarrhea in foals. Each • represents the number of foals with 














































Figure 5.5: Relationship between fecal bacterial enumerations and bouts of diarrhea. 
There was a significant positive relationship between the number of lactobacilli at 12 h 
(n=14) and lactate-utilizing bacteria at 3 d (n=14) and subsequent bouts of diarrhea 





































































Figure 5.6: Relationship among mare milk, foal fecal bacteria, and diarrhea. Mare milk 
fat output at day 6 and 7 was positively related to bouts of diarrhea (n=15; P=0.0036). 
Milk oligosaccharides were positively related to foal fecal lactobacilli at 3 d after foaling 
(n=14; P=0.0146). Daily milk yield was negatively related to fecal cellulolytic bacteria at 


















































































CHAPTER 6: EVALUATING MILK PRODUCTION, FIBER INTAKE, AND 
COPROPHAGY IN FOALS 
Introduction 
 A few studies have explored how the diet of the foal changes with age (Crowell-
Davis et al., 1985; Marinier and Alexander, 1995; Bolzan et al., 2020). Through these 
research studies, the consumption of maternal feces has been recognized as a part of 
normal behavior in foals. However, the role of coprophagy in foal health is not fully 
understood. Previous research demonstrated that when given an option, foals show a 
strong preference for their dam’s feces over the feces of other adult mare feces (Crowell-
Davis and Caudle, 1989).   
There have been several proposed roles of coprophagy in foal health including 
serving as a source of inoculum for the microbial community, aiding in the development 
of food selection and as a source of some vitamins or other nutrients (Marinier and 
Alexander, 1995). Previous research in our lab investigated the microbial richness in foal 
feces and occurrence of coprophagy in the first 4 d after birth (Strasinger et al., 2013a). 
The authors reported the first observed bouts of coprophagy occurred at 2 d of age, yet 
microbial DNA was already detected in foal feces within the first 24 h after birth. These 
observations suggest that coprophagy is not essential for the initiation of microbial 
colonization of the gastrointestinal tract (GIT). Although coprophagy may not be required 
for microbial colonization, coprophagy may influence the timing of colonization of 
specific functional groups. Microbial colonization in the foal is complex, some functional 
groups, such as amylolytic bacteria begin colonization within the first day after birth 
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while others, such as cellulolytic bacteria, are not detected until 4 to 7 d after birth. 
(Faubladier et al., 2013; Pyles et al., 2018). 
In addition to the potential influence of coprophagy, other factors such as milk 
yield and fiber intake may be important factors to explore in regard to microbial 
colonization of the foal’s GIT. Chapter 5 described a study evaluating the effects of 
maternal diet and milk yield on fecal bacteria in foals and the incidence of diarrhea. A 
significant negative relationship was observed between the amount of milk produced by 
the mares and the number of cellulolytic bacteria in their foal’s feces. The mechanism 
behind this relationship remained unclear, however, it is possible that foals from high 
milk producing mares consume less fiber-rich feedstuffs to support the colonizing 
cellulolytic bacteria, or practice less coprophagy, compared to the foals from lower milk 
producing mares. 
The objectives of this study were to 1) determine the effects of mare milk yield on 
fecal fiber and incidence of coprophagy in foals and 2) evaluate the relationship between 
coprophagy, fecal fiber, and bacterial enumerations. We hypothesized that foals from 
high milk producing mares will have less fiber in their feces compared foal from mares 
with lower milk production and that fecal fiber content will be related to the onset of 
coprophagy and the number of cellulolytic bacteria in the foal’s feces.  
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Materials and Methods  
Animals and Management  
All procedures used in this study were approved by the University of Kentucky’s 
Institutional Care and Use Committee. This study began March 17, 2019 and continued 
through May 28, 2019. Twelve Thoroughbred mares and their foals were used in this 
study. Mares were fed a commercial concentrate throughout the study in nosebags to 
prevent foals from consuming any concentrate feed. (Table 6.1; Original 14, McCauley 
Bros Inc., Versailles, KY). Mares were adapted to concentrate feeding in individual 
nosebags at 333 d of gestation. Before parturition, mares were fed concentrate twice daily 
which increased to three meals per day postpartum. Forage (mixed grass and alfalfa hay 
and cool-season grass pasture) and water were available to mares and foals ad libitum 
throughout the study.  
Mares and foals were managed as described in Chapters 4 and 5. Briefly, pregnant 
mares were housed in outdoor paddocks during the day and brought into individual box 
stalls (3.5 x 3.5 m) at night until parturition. After parturition, mares and foals remained 
in individual stalls at night and individual pens during the day for 1 to 3 days. Mares and 
foals were comingled with other mare/foal pairs by approximately 1 week postpartum in 
small groups (2 to 4 pairs per paddock). Foals were weighed after birth and then weekly 
thereafter.  
Estimating Daily Milk Yield  
Daily milk yield was estimated at the end of week 1 postpartum (days 6 and 7) 
and at the end of week 2 postpartum (days 14 and 15 d). Milk yield was measured in all 
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12 mares at week 1 and in 9 mares at week 2 postpartum. The methods described in 
Chapter 4 for estimating milk yield were used in this study. Briefly, mare and foal pairs 
were brought into individual box stalls, the foal was allowed to nurse and the mare’s 
udder was checked for emptiness. The foal was muzzled for 2 h then allowed to nurse 
one side of the udder. While the foal was nursing one side, the opposite side of the udder 
was milked by hand or using a manual hand pump (Udderly EZ Mare Milker, EZ Animal 
Products, IA, USA). After cessation of nursing (10-20 min), the muzzle was replaced for 
an additional 2 h and the milking was repeated. The total volume of milk collected at 
each interval was recorded. The opposite side of the udder was milked the subsequent 
day using the same procedure.  
Detecting Coprophagy in Foals  
 To detect coprophagy of maternal feces by foals, an external marker (chromic 
oxide) was fed to the mares. Chromic oxide was used as the external marker and was fed 
to the mares in individual nosebags to ensure the only source of chromic oxide available 
to the foals would be through the consumption of maternal feces. The chromic oxide was 
fed to the mares using soft, pliable treats (Image 6.1; Dimples Horse Treats, Union, KY, 
USA). The treats were a proprietary blend of molasses, dry molasses, ground corn, oats, 
soy meal, ground flax, wheat flour, beet pulp, and wheat bran. The chemical composition 
of the treats can be found in Table 6.1. 
The mares were adapted to the treats by first breaking up the treat into small 
pieces and mixing with their concentrate meal. When the mares consumed the entire meal 
and all of the treat material, whole treats were added to their nosebag. Once adapted to 
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consuming the treats, chromic oxide (2 g) was mixed with molasses (1.75 g) to form a 
paste and placed in the center of the treat and the treat was formed into a ball (Image 6.1). 
The chromic oxide-containing treat was placed into the nosebag with concentrate meals. 
Of the 12 mares in the study, 3 refused the treats, thus 9 mares were dosed with chromic 
oxide for detection of coprophagy in their foals. The chromic oxide treats were fed 
beginning at 333 d of gestation to ensure a steady state of chromic oxide excretion in 
feces was attained by parturition. Mares were fed chromic oxide three times per day with 
their concentrate meals which totaled 10 g of chromic oxide per day.  
Foal Fecal Sample Collection and Analyses  
Fecal samples were collected from foals at the following time points: 12 h, 2, 3, 5, 
7, 10, 14, and 21 d after birth. Fresh fecal samples were collected during or immediately 
after defecation and were used for bacterial enumerations as described below. Fecal 
samples were collected into sterile specimen cups using sterile gloves to avoid 
contamination. Time of collection was recorded for each sample collected. After a 
subsample was removed for bacterial enumerations, the remaining feces were frozen for 
additional analyses. Frozen fecal samples were thawed, a portion used for analysis of 
VFAs and dry matter content, then the remainder dried in a 55 °C forced-air oven for 25-
48 h until reaching a steady weight. Dried feces were ground in a Cyclotec Sample Mill 
(Foss, Denmark). Dried, ground samples were then used to analyze chromic oxide and 
NDF content as described below. Dry matter content was analyzed in duplicate by drying 
1 g of wet feces in a 55 °C forced-air oven for 24 h and reweighing to obtain the dry 
weight. Fecal samples were collected immediately after defecation from 6 mares and 
used to analyze chromic oxide and NDF.  
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Bacterial Enumerations in Foal Feces 
 Fecal samples collected at 12 h, 3, 7, 14, and 21 d were used to enumerate select 
bacterial groups using methods described in Chapter 5. Fresh feces were homogenized by 
hand then an approximately 1 g subsample was place in a sterile, pre-warmed Hungate 
tube. The sample was purged of air using sterile tuberculin needles and CO2 and place in 
a block heater (37 °C). Fecal samples were transported to the lab as soon as possible 
(within 2 h of collection) in a warmed cooler. Sterile phosphate buffered saline (PBS; 
Appendix F) was used to dilute the sample 1:10 after actual sample weight was 
determined, then a dilution series was carried out using PBS. Dilutions were used to 
inoculate media for the enumeration of Lactobacillus spp., lactate-utilizing bacteria, and 
cellulolytic bacteria (Table 6.2; Appendices H-J).  
Chromic Oxide Analysis in Foal Feces 
  Chromic oxide concentration was determined in foal fecal samples from all time 
points. A 0.5 g sample of dried, ground feces was placed in a quartz crucible and ashed at 
600 °C overnight. Samples were then digested using potassium bromate and acid 
manganese sulfate. Digested samples were then placed in specimen cups with a calcium 
chloride solution then diluted to 100 mL and allowed to stand overnight. The chromium 
in the solution was analyzed using atomic absorption at a wavelength of 357.87 nm 
(AAnalyst 200, PerkinElmer Inc., MA, USA) and the concentration was calculated using 
a standard curve. The detailed protocol can be found in Appendix L.  
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Analysis of Volatile Fatty Acids in Foal Feces 
 Volatile fatty acids in foal feces were analyzed, including acetate, propionate, 
butyrate, valerate, lactate, and total VFAs. Acetate, propionate, butyrate, and valerate 
were analyzed via gas chromatography and lactate was analyzed using an enzymatic 
method. Samples were analyzed in triplicate. Fecal samples (0.3 g) were placed in 2 mL 
microcentrifuge tubes and combined with 100 µL of 2-ethylbutyrate (85 mM) as an 
internal standard. Next, 1.0 mL of meta-phosphoric acid (5% wt/vol) was added and 
samples were mixed for approximately 5 sec using a vortex then frozen overnight to 
allow for protein precipitation. Samples were thawed the next day for 1-2 h at room 
temperature and centrifuged at 14,000 x g for 5 min. The supernatant was transferred to a 
new 2 mL microcentrifuge tube and frozen overnight. Samples were thawed and 
centrifuged using the same procedure. A portion of the supernatant was transferred to a 
gas chromatography injection vial for gas chromatography, the remainder was used for 
lactate analysis.  
Gas chromatography was used to analyze VFAs with a flame ionization detector 
(Agilent HP6890 Plus GC with Agilent 7683 Series Injector and Auto Sampler; Agilent 
Technologies, CA, USA) equipped with a Supelco 25326 Nukol fused silica capillary 
column (15 m x 0.53 mm x 0.5 µM film thickness; Sigma/Supelco, Bellefonte, PA, 
USA). The gas chromatography analysis involved injection of 0.2 µL of each sample in 
triplicate at 110 °C with a 2:1 split, a 1-min hold, temperature increase at 5 °C/min to 125 
°C for 2 min, and the set point for inlet and injector was 260 °C. The concentration of 
VFAs were calculated as mmol VFA/g of feces (DM) as follows: 
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mmol VFA / g DM = (( 1 + (( 1 - (DM)) * sample wt,g) * (average mM VFA / 1000)) 
(DM * sample wt,g) 
 The enzymatic method for analyzing lactate was adapted for use in 96-well plates 
(Engel and Jones, 1978; Brandt et al., 1980). De-proteinated foal fecal samples prepared 
for VFA analysis described above were also used for lactate analysis. L-lactate standards 
(0.0 – 1.0 mM) were used to create a 6-point standard curve. Samples and standards were 
placed in wells, samples in quadruplicate and standards in duplicate. A glycine buffer 
containing nicotinamide adenine dinucleotide (NAD) was added to the wells. Lactate 
dehydrogenase was added to half of the sample-containing wells and half of the standard-
containing wells. The plates were then incubated (37 °C) for 60 min and the absorbance 
at 340 nm was recorded. The change in absorbance due to enzyme addition was 
calculated. A regression equation was created with the change in absorbance of the L-
lactate standards and used to calculate the concentration of L-lactate in the foal fecal 
samples.  
Fecal Neutral Detergent Fiber Analysis  
 Mare and foal fecal samples that had been dried and ground were used to analyze 
the concentration of NDF. An Ankom 200 Fiber Analyzer was used to analyze samples 
(Ankom Technology, Macedon, NY, USA). Samples were analyzed in triplicate. Samples 
(0.5 g dried, ground feces) were placed in pre-rinsed and dried Ankom F57 filter bags 
and sealed with a heat sealer. Filter bags were placed in the fiber analyzer, 3 bags per tray 
in the bag suspender. One blank bag was included per run for correction factor. Two 
liters of NDF solution (Appendix M) was added to the fiber analyzer vessel. The sample-
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containing filter bags were digested in the analyzer for 75 min with heat (100 °C) and 
agitation. The NDF solution was then drained and replaced with 2 L of hot water. The 
analyzer vessel was then heated (95 °C) and agitated for 7 min. The hot water was 
drained and rinsed twice with hot water. After the final rinse, the filter bags were 
removed and soaked in acetone for 3 min then placed on a tray to allow acetone to 
evaporate. The bags were then placed in a 55 °C forced-air oven overnight. Once dry, the 
bags were reweighed to determine NDF content remaining using the following 
calculations.  




Where:  W1 = Final bag weight (NDF residue + bag) 
W2 = Sample weight  
   W3 = Empty bag weight  
   CF = Final weight of blank bag/initial weight of blank bag 
 
Determining the Excretion Pattern of Chromic Oxide in Foal Feces 
 A follow-up study was conducted in 2020 to evaluate the excretion pattern of 
chromic oxide in foal feces. Five Thoroughbred foals were dosed with 0.4 g of chromic 
oxide between 4 and 5 d of age. The chromic oxide was mixed with 5 mL of water and 
administered orally. The foals were randomly dosed at either 0700 or 1900 h. All feces 
excreted between 0600 and 2000 h were collected from the foals for the subsequent 4 d 
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post-dosing. Time of collection was recorded for all feces. Fecal samples were frozen and 
analyzed for chromic oxide as described above.  
Statistical Analyses 
 All statistical analyses were carried out using SAS software version 9.4 (SAS 
Institute Inc., Cary, NC, USA). Changes with age in the concentration of chromic oxide, 
VFAs, and bacterial enumerations in foal feces were analyzed using mixed model 
ANOVA with repeated measures. Data were transformed when necessary prior to 
analysis. Means were separated using an LSD test and Kenward-Rogers approximation 
was used to estimate degrees of freedom. The covariance structure of auto-regressive 
order 1 was used in the repeated statement, use of the heterogeneous version was 
determined based on Akaike’s and Bayesian Information Criteria. Enumeration data were 
log10 transformed for normalization before statistical analysis.  
 Average daily gain of the foals was determined using regression analysis (Proc 
Reg). The relationships among variables were evaluated using regression analysis and 
Pearson’s correlation coefficient (Proc Corr). Significance was determined when P < 0.05 
and a trend was considered when P < 0.10.  
Results and Discussion 
Changes in Mare Milk Yield from 1 to 2 Weeks Postpartum  
In Chapter 4, milk yield was estimated in mares at 7 d postpartum and in Chapter 
5 milk yield was found to be inversely correlated with the number of cellulolytic bacteria 
in foal feces. Although there was a significant correlation, the mechanism driving this 
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relationship was still unclear. This study set out to further investigate possible factors 
related to microbial colonization of the foal’s GIT including changes in milk yield, fiber 
intake, and coprophagy. In this study, daily milk yield was estimated at two time points, 1 
and 2 wk postpartum. At 1 wk postpartum, daily milk yield was 11.7±0.9 L/d with a 
range of 7.4 to 17.5 L/d (n=12) then increased to 15.8±0.9 L/d with a range of 11.1 to 
19.9 L/d (n=9; P=0.0003). The range in milk yield observed in this study is similar to the 
range in milk yield from the mares described in Chapter 4. Peak milk production in mares 
occurs between 1 and 2 mo postpartum and can be up to 3% of the mares BW (Santos 
and Silvestre, 2008; Centoducati et al., 2012). By 2 wk postpartum, the mares in this 
study were producing an average of 2.7% of BW in milk.  
Evaluating milk yield in L/d or on a mare BW basis may be helpful in 
determining the nutrient output and in evaluating nutrient needs of the mare. However, 
foal BW and ADG can differ among individual foals. Thus, milk yield was also evaluated 
on a foal BW basis. When foal BW was accounted for, milk yield was not different 
between 1 wk and 2 wk postpartum (Table 6.3; P=0.2443). Although the total amount of 
milk produced per day increased from 1 to 2 wk after foaling, foal BW also increased, 
thus there was no net change in the milk yield on a foal BW basis. 
Foal Fecal Samples  
The study began with 12 pregnant mares that were adapted to concentrate feeding 
in individual nosebags. Nine mares were used for detection of coprophagy in foals by 
dosing with chromic oxide. The intention was to collect fecal samples from all foals at 
selected time points from 12 h to 21 d after birth. However, due to infrequent defecation 
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by foals, fecal samples were not collected from all foals at every time point. The samples 
collected are listed in Table 6.4.   
Neutral Detergent Fiber in Foal Feces 
 During the neonatal period, foals rely on maternal milk as their sole nutrient 
source. Several studies have proven that as foals age, their time spent nursing decreases 
with a concomitant increase in the time spent foraging (Duncan et al., 1984; Crowell-
Davis et al., 1985; Bolzan et al., 2020). The studies by Duncan et al. (1984) and Crowell-
Davis et al. (1985) evaluated the time budget of foals whereas Bolzan et al. (2020) 
estimated both grazing time and estimated bite mass and dry matter intake in foals. The 
current study analyzed the fiber content in foal feces as an indicator of fiber intake.  
 In the current study, the concentration of NDF in foal feces changed over time 
(P<0.0001; Figure 6.1). There was minimal fiber detected in foal feces from 12 h to 3 d 
of age then the NDF content in foal feces increased progressively through 21 d of age. 
These data demonstrate that foals begin consuming fiber within the first week of life and 
the amount of fiber consumed continues increasing within the first 3 wk. The 
concentration of fecal NDF between foals varied. For example, at 7 d of age, NDF ranged 
from 6.63% to 36.28% (DM basis).  
Detecting Coprophagy in Foals  
 Coprophagy has been observed in young foals (Crowell-Davis et al., 1985; 
Bolzan et al., 2020), however, the function of coprophagy to foal health has not been 
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investigated. To evaluate the occurrence of coprophagy in foals, 9 mares were fed 
chromic oxide-containing treats with their concentrate meals (Image 6.1).  
In this study, chromic oxide was detected in the feces of every foal at some point 
between birth and 21 d of age (Figure 6.3). Only one foal had detectable chromic oxide at 
3 d of age but by 7 d, all of the foals had detectable chromic oxide. The highest 
concentration of chromic oxide for the majority of the foals was between 10 and 14 d of 
age. The concentration of chromic oxide varied in individual foal fecal samples, ranging 
from 0 ppm to 540.13 ppm across all time points, which could be reflective of the amount 
of coprophagy taking place. There are other factors to consider in estimating the total 
amount of maternal feces consumed, such as the concentration of chromic oxide in the 
maternal feces, daily fecal output in the foals, and the time from consumption to 
excretion of the chromic oxide.  
The mares were fed 10 g of chromic oxide per day divided into three meals. This 
dosing was selected based on previous research using chromic oxide to determine 
digestibility of nutrients in adult horses (Fowler, 2018) that reported fecal output in adult 
horses to average 3.5 kg (DM) per day. The mares in the current study had an increased 
DM intake compared to the study by Fowler et al, thus it was assumed that the mares in 
the current study would have increased fecal output. Daily fecal output was estimated to 
be 4.5 kg (DM)/d and a dose of 10 g chromic oxide/d was expected to result in 2.22 g/kg 
(DM) of chromic oxide in the feces if 100 % of the marker was recovered. However, 
minimum fecal recovery of chromic oxide in studies by Fowler et al. (2018) was 72%. If 
recovery was similar in this study, it would result in approximately 1.6 g marker/kg (DM) 
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recovered in the mares’ feces or 1600 ppm. Fecal samples were collected from 6 of the 9 
mares fed chromic oxide to provide an estimate of the chromic oxide concentration 
available to the foals via coprophagy. 
The average concentration of chromic oxide in maternal feces was 1143.65 ppm 
with a range of 849.30 to 1417.78 ppm. The concentration of chromic oxide in the spot 
samples from the mares was slightly lower than we had anticipated (1600 ppm) but was 
adequate in allowing for detection of chromic oxide in their foal’s feces.  
 Although finding detectable amounts of chromic oxide in all of the foals by 7 d of 
age as an indicator of coprophagy is novel, these results do not provide information on 
when the coprophagy took place. Rate of digesta passage in foals is currently unknown. 
Thus, a follow up study was conducted to evaluate the excretion pattern of chromic oxide 
in foals. After oral dosing with chromic oxide, fecal samples were collected from foals 2 
to 99 h post-dosing. The majority of the marker was excreted between 2 and 3 d after 
dosing (Table 6.5). These results indicate that when the marker was detected in foal feces 
in the coprophagy study, the foals most likely consumed maternal feces within the 
preceding 2 to 4 days. Thus, coprophagy appears to begin in most foals between 3 and 5 
d of age. There are a limited number of research studies investigating coprophagy in 
foals. Previous research in our lab observed foal behavior for the first 4 d after birth and 
observed foals coprophagizing by approximately 2 d after birth (Strasinger et al., 2013a). 
In another study, foals were observed to consume feces as early as 5 d of age (Crowell-
Davis and Houpt, 1985). The findings from this study are in agreement with previous 
observational data in regards to onset of coprophagy in foals.  
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Changes in Foal Fecal Bacterial Enumerations 
 All of the bacterial groups enumerated in foal feces changed over time (P<0.05; 
Figure 6.3). Lactobacilli and lactate-utilizers were abundant in 12 h samples then 
increased by 3 d of age (P<0.05). Both lactobacilli and lactate-utilizers remained 
relatively stable from 3 to 21 d of age (P>0.05). Detection of cellulolytic bacteria in the 
feces of foals in this study followed a similar pattern as the foals in Chapter 5 and also in 
previous studies (Faubladier et al., 2013; Pyles et al., 2018). Cellulolytic bacteria were 
not detected at 12 h and 3 d of age, by 7 d of age, 7 of the 12 foals had detectable 
cellulolytic bacteria.  Cellulolytic bacteria were detected in all of the foals by 14 d of age 
(Figure 6.3).   
Volatile Fatty Acids in Foal Feces  
 One of the important roles of the microbial community in the GIT of the horse is 
to utilize substrates that have bypassed enzymatic digestion in the foregut to produce 
VFAs that are absorbed and utilized by the horse. In this study, the VFA profile changed 
over time in foals from 12 h to 21 d of age. The changes in the concentration of acetate, 
butyrate, propionate, valerate, lactate, and total VFAs were evaluated in the current study 
(Table 6.6). All of the individual VFAs changed over time (P<0.05). The concentration of 
acetate, propionate, butyrate, and valerate increased after 12 h, reaching peak 
concentrations between 5 and 7 d of age (P<0.05) then decreased by 21 d of age 
(P<0.05). The concentration of lactate followed a different pattern than the other VFAs; 




In the adult horse, changes in the structure of the microbial community in the GIT 
of horses can induce subsequent changes to the VFA profile produced by the microbial 
community (Grimm et al., 2017; Warzecha et al., 2017). The VFA profile of the 
developing microbial community in the foal’s GIT has received little research attention 
(Faubladier et al., 2013). There are many changes occurring in the foal’s microbial 
community within the first few weeks after birth, thus changes in the subsequent VFA 
profile would be expected. The changes over time in the concentration of individual 
VFAs were not reported in the study by Faubladier et al. (2013) but rather the molar 
proportion of the main VFAs (acetate, butyrate, and propionate) were reported. The 
authors reported the concentration of total VFAs in foal fecal samples which was similar 
to the results of the current study. The concentration of total VFAs in foal feces was 
relatively high within the first week after birth then decreased thereafter.   
The fecal VFA profile for adult horses fed a forage-based diet is approximately 
75-80% acetate, 12-15% propionate, 2-5% butyrate, and <1% valerate (Kabe et al., 2016; 
Grimm et al., 2017; Grimm et al., 2020). At 12 h, the VFAs detected in foal feces were 
primarily acetate and lactate (Table 6.6). Thus, the molar proportion of acetate was very 
high in first few days after birth (97%, 79%, and 72% at 12 h, 2 d, and 3 d, respectively) 
then decreased to the lowest proportion at 7 d of age (64%, Figure 6.4). In contrast, the 
molar proportion of propionate and butyrate increased from 12 h to 7 d. After 7 d, the 
molar proportion of acetate, butyrate, and propionate stabilized between 10 and 21 d. 
Valerate was not detected in fecal samples of foals at 12 h and only one foal had 
detectable levels of valerate at 2 d of age. The molar proportion of valerate was the 
highest at 5 and 7 d of age then decreased and stabilized between 10 and 21 d of age.  
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Amylolytic bacteria are some of the initial colonizers in the foal’s GIT and their 
colonization could result in the production of acetate and lactate. The fecal samples at 12 
h contained predominantly acetate and lactate. Amylolytic bacteria were not enumerated 
in this study, but based on previous studies in our lab (Chapters 3 and 5) amylolytic 
bacteria are typically abundant within the first few days of birth. Lactobacilli (a type of 
amylolytic bacteria) were enumerated in this study and were abundant in the 12 h fecal 
samples, possibly explaining the high molar proportion of acetate and lactate. Lactate-
utilizers were also detected in the first few days after birth, with a large increase between 
12 h and 3 d of age (Figure 6.4). The predominant lactate-utilizing bacteria were not 
identified in this study, but the members of this functional group (i.e. Megasphaera 
elsdenii and Veillonella spp.) typically convert lactate to other VFAs, including 
propionate, butyrate, and valerate (Biddle et al., 2013b; Yoshikawa et al., 2018).  
Lactate is generally low in the hindgut of adult horses because of the microbial 
cross-feeding that is taking place: lactic acid bacteria are producing the lactate and it is 
typically efficiently converted to propionate or butyrate by lactate-utilizing bacteria. 
When the initial colonization of the foal’s GIT is taking place, bacteria such as 
streptococci and enterococci have been identified in foal feces (Chapter 3) and are known 
lactic-acid bacteria. The VFA profile observed in this study in the foals’ feces at 12 h 
(97% acetate, 3% lactate) suggests that a balance between lactic acid bacteria and lactate-
utilizing bacteria had not yet been established. The decrease in both the concentration and 
molar proportion of lactate in foal feces within the first few days after birth may be 
reflective of the rise in the number of lactate-utilizing bacteria.  
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Valerate has not received much research attention in horses because of the low 
concentrations typically observed. However, Grimm et al. (2017) reported that valerate 
concentration in the feces of adult horses was significantly correlated with changes in the 
diet. Furthermore, valerate has been shown to be a critical indicator of acidosis in 
ruminants (Bramley et al., 2008). In this study, valerate concentrations and molar 
proportion were the highest between 5 and 7 d of age when changes in diet and changes 
in the microbial community are taking place.  
Changes in the VFA profile in adult horses has been related to hindgut upsets. 
Changes in the hindgut microbiota during the development of diet-induced laminitis is 
correlated with an increase in lactate (Milinovich et al., 2008). The VFA profile is 
affected by changes in the diet; increasing concentrates decreases the acetate:propionate 
ratio and increases lactate production (de Fombelle et al., 2001). At approximately 1 wk 
after birth the VFA profile in foals appears to be similar to the VFA profile of adult 
horses when a high concentrate diet is fed (increase in proportion of propionate and 
valerate, and decrease in proportion of acetate). Then by 21 d of age, the VFA profile 
appeared to be similar to a normal adult profile. During this time, cellulolytic bacteria are 
also colonizing and contributing the increase in proportion of acetate after 7 d of age.  
Relationships among Milk Yield, Foal Fecal Fiber, and Coprophagy 
 In addition to evaluating the occurrence of coprophagy in foals, another objective 
was to evaluate the relationships among the foals’ diet, including mare milk and fiber 
sources, and coprophagy and microbial colonization. Daily milk yield at 1 wk postpartum 
was negatively related to the concentration of fiber in foal feces at 7 d of age (r=-0.6283, 
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P=0.0470; Table 6.7). Mares producing more milk had foals with less fiber in their feces. 
From these data, it appears that foals with more milk available do not appear to consume 
as much solid feedstuffs compared to the foals that have less milk available to them. 
There are several potential sources of the fiber available to the foals. In this study, the 
mares were housed in outdoor paddocks during the day with cool-season grasses 
available to both the mares and foals in addition to ad libitum grass and alfalfa mixed hay 
available in the stalls and paddocks. These sources of forage would provide a source of 
fiber to the foals for consumption.  
All of the foals in this study had consumed maternal feces at some point, 
evidenced by the detection of chromic oxide in their feces. As discussed above, milk 
yield was found to be negatively related to the fiber content in foal feces. There was also 
a negative relationship between milk yield at 1 week postpartum and the concentration of 
chromic oxide in foal feces 7 d post-foaling (r=-0.6966, P=0.0371; Table 6.7). It is 
apparent from these data that foals from lower milk producing mares coprophagized more 
than foals from high producing mares. In turn, the foals with higher concentration of 
chromic oxide in their feces at 7 d also had a higher concentration of NDF in their feces. 
In this study, fecal samples were collected from 6 of the mares and the NDF content was 
analyzed to give an estimate of the fiber content available to the foals through 
coprophagy. The mare feces contained an average of 54.2% NDF. Because of the high 
fiber content, maternal feces may provide an important source of fiber to foals via 
coprophagy. The positive relationship between chromic oxide and fecal NDF continued 
from 7 d through 21 d of age (Table 6.7). The continued relationship between coprophagy 
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and fiber indicate that maternal feces provides an important source of fiber for young 
foals.  
In addition to providing a source of fiber for foals, maternal feces also contain a 
diverse microbial community (Costa et al., 2012; Shepherd et al., 2012) that may provide 
a source of inoculum for the foal’s developing microbiome. Chapter 3 discussed the 
utilization of milk carbohydrates as substrates for the initial colonizers in the foal’s GIT. 
During the first week of life many bacterial species are colonizing the GIT of the foal 
including amylolytic bacteria, lactobacilli, and lactate-utilizing bacteria (Faubladier et al., 
2013; Quercia et al., 2019). Lactobacilli and lactate-utilizing bacteria were detected in 
this study by 12 h post-foaling while evidence of coprophagy did not occur until later. 
Consequently, consumption of maternal feces may not be the route of inoculation for 
these pioneer species that are abundant within the first few days after birth. However, 
previous research in our lab has demonstrated that cellulolytic bacteria begin to appear in 
foal feces between 4 and 7 d of age (Pyles et al., 2018). In this study, cellulolytic bacteria 
were not detected until 7 d of age (Figure 6.3) and then increased through the end of the 
study period. The establishment of cellulolytic bacteria in this study occurred in the same 
time frame that coprophagy was detected in the foals. There was a highly correlated 
positive relationship between chromic oxide concentration and cellulolytic bacteria at 7 d 
of age (r=0.9703, P<0.0001; Table 6.7).  
Overall, it appears that consumption of maternal feces provides a source of fiber 
to the foals, and thus, provides substrate for the cellulolytic bacteria to establish. Maternal 
feces, therefore, may serve as a natural prebiotic for the foal. To be classified as a 
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prebiotic, the substance should be resistant to acidic pH, not hydrolyzed by mammalian 
enzymes or absorbed in the GIT, and can be fermented by intestinal microbes (Gibson et 
al., 2010).  
In addition to serving as a prebiotic for fiber-digesting bacteria, maternal feces 
also contain viable cellulolytic bacteria and thus, maternal feces may also serve as a 
natural probiotic to the foal. Probiotics are described as live microorganisms that confer a 
health benefit on the host when administered in adequate amounts (Morelli and Capurso, 
2012). Cellulolytic bacteria are a benefit to the foal by digesting fiber-rich feedstuffs and 
producing VFAs that to be absorbed and utilized. The highly correlated relationship 
between coprophagy and cellulolytic bacteria at 7 d may be due to both the prebiotic and 
probiotic effect by supplying a source of live cellulolytic bacteria that may aid in 
inoculating the foal GIT and supplying the fiber needed as a substrate for the proliferation 
of these bacteria.  
The relationship between chromic oxide and cellulolytic bacteria in foal feces was 
only significant at 7 d of age and did not persist through 14 or 21 d of age (Table 6.7; 
P>0.05). A similar trend was seen in the relationship between cellulolytic bacteria and 
fecal NDF: there was a positive relationship at 7 d of age, but the relationship was not 
significant at 14 or 21 d of age (P>0.05). Thus, the timeframe of approximately 7 d after 
birth appears to be critical in the development of the microbial community and is 




The factors influencing the GIT of foals appears to be quite complex. However, 
through this study, the influence of some of these factors are becoming a little clearer. 
This study revealed that the amount of milk produced by the mare can have significant 
effects on the foal’s intake of solid food. The mares with lower milk production had foals 
with more fiber in their feces. The fiber in foal feces is correlated with the onset of 
coprophagy. All of the foals in this study coprophagized and maternal feces appear to 
provide both fiber and live microbes for the foal. Thus, maternal feces may serve as both 
a prebiotic and a probiotic in supporting the developing microbial community in the 
foal’s GIT. Foals with evidence of increased coprophagy had more cellulolytic bacteria 
on day 7, helping to establish a microbial community capable of fiber digestion. Major 
changes in GIT bacteria occurring within the first few weeks of life appear to be related 









Tables and Figures 
Table 6.1: Ingredients and chemical composition of the pelleted concentrate and treats 
used for chromium dosing (DM basis) 
 
Item Concentrate Treats 
Chemical Compositiona    
DM, % 87.8 80.0 
CP, % 16.2 12.6 
NSC, %b 39.1 48.6 
Crude Fat, % 5.2 7.1 
ADF, % 14.3 6.7 
NDF, % 28.7 12.5 
Starch, % 29.3 17.1 
ESC, % 8.0 24.5 
DE, Mcal/kgc 1.44 1.69 
Calcium, % 1.69 0.57 
Phosphorus, % 1.06 0.55 
Ca:P Ratio 1.59 1.04 
Magnesium, % 0.43 0.42 
aAnalyses performed by Dairy One (Ithaca, NY) presented as means (n=2) 
bNSC calculated by adding % starch and % water soluble carbohydrates 










Image 6.1: Chromic Oxide mixed with molasses and placed in the center of a treat (A). 
















Table 6.2: Media types and incubation conditions for bacterial enumerations in foal 
fecesa 
Bacterial group Media Type Identification of bacterial growth Incubation 




liquid medium with 
lactate as substrate 
Turbidity of solution 3 d, 37 °C 
Cellulolytic 
bacteria 
Anaerobic liquid medium 
with cellulose as 
substrate 
Dissolution of 
cellulose 10 d, 37 °C 


































Table 6.3: Milk yield as a percentage of foal body weight at 1 and 2 wk post-foaling 
 
Foal 1 wk 2 wka 
Brave Boco ‘19 18.0% 20.3% 
Emerlaude ‘19 18.7% 18.5% 
Lizzy Van Lew ‘19 24.5% 23.1% 
Miss Hissy Fit ‘19 15.0% N/A 
Proprietaire ‘19 17.0% 16.7% 
Reba's Cat ‘19 19.0% 22.5% 
Run Carrie Run ‘19 18.6% 21.9% 
Sea Pegasus  ‘19 19.0% 17.6% 
Sh Sh Shakin ‘19 18.1% 17.0% 
Spectacular Morgan ‘19 14.6% 15.6% 
Storage Queen ‘19 10.3% N/A 
Yaddo Canary ‘19 13.7% N/A 
Mean 17.2% 18.1% 
SEM 1.1% 1.0% 
P-value 0.2443 



























Table 6.4: Fecal samples collected from foals from 12 h to 21 d after birtha  
 
Foal 12 h 2 d 3 d 5 d 7 d 10 d 14 d 21 d 
Brave Boco ‘19 Y Y Y Y Y Y Y Y 
Emerlaude ‘19 Y Y Y N Y N Y Y 
Lizzy Van Lew ‘19 Y N Y N Y Y Y N 
Miss Hissy Fit ‘19 Y Y N Y Y Y Y Y 
Proprietaire ‘19 Y Y Y Y Y Y Y Y 
Reba's Cat ‘19 Y N Y N Y Y Y Y 
Run Carrie Run ‘19 Y N Y Y Y N Y Y 
Sea Pegasus  ‘19 Y Y Y Y Y Y Y Y 
Sh Sh Shakin ‘19 Y Y Y N Y Y Y Y 
Spectacular Morgan ‘19 Y N Y Y Y N Y N 
Storage Queen ‘19 Y Y Y N Y Y Y Y 
Yaddo Canary ‘19 Y N Y Y Y Y Y Y 
Total 12 7 11 7 12 9 12 10 
























Figure 6.1: Changes over time in neutral detergent fiber (NDF) in foal feces from 12 h to 
21 d of age (P<0.0001). Data presented as least squares means ± SEM. Letters indicate 
















































Figure 6.2: Concentration of chromic oxide in the feces of foals from mares fed 10 g 
chromic oxide per day. Each bar represents the concentration of chromic oxide in that 
foal’s feces on the specified sample day indicated by the color of the bar. Individual foals 












































Table 6.5: Excretion of chromic oxide in foal feces after oral dosing  
 
Time post-dose Chromic oxide, ppma SEM 
0-24 h 18.2A 55.0 
25-48 h 1280.6CD 205.0 
49-72 h 1926.7D 468.7 
73-96 h 1236.3C 384.0 
97-120 h 305.6B 101.8 
P-value <0.0001 





































Figure 6.3: Changes over time in foal fecal bacterial enumerations. There was a 
significant change over time in all three bacterial groups (P<0.05). Data presented as 
back-transformed least squares means. Pooled SEM are Log10 transformed, lactobacilli 

































































Table 6.6: Changes over time in the individual volatile fatty acids (VFA) in foal fecesa 
VFA, mmol/g 
fecesb 12 h 2 d 3 d 5 d 7 d 10 d 14 d 21 d P-value 
Acetate 44.078
A 90.838B 84.651B 119.300C 100.430BC 45.307A 52.741A 59.989A <0.0001 ± 7.766 ± 9.071 ± 7.770 ± 9.067 ± 7.465 ± 8.598 ± 7.448 7.776 
Propionate 0.000
A 12.051B 19.777C 28.391D 30.047D 12.744B 12.729B 12.415B <0.0001 ± 1.814 ± 2.349 ± 1.986 ± 2.353 ± 1.888 ± 2.198 ± 1.895 1.980 
Butyrate 0.140
AB 11.567D 10.833BCD 24.709F 19.453E 4.362AB 7.027BCD 5.806BC <0.0001 ± 1.713 2.142 1.846 2.136 1.783 2.159 1.774 1.854 
Valerate 0.000
A 0.001A 0.854A 5.576B 7.590C 0.958A 1.137A 1.053A <0.0001 ± 0.578 ± 0.680 ± 0.608 ± 0.677 ± 0.600 ± 0.666 ± 0.591 0.613 
Lactatec 1.252
A   0.324B   0.225C   0.179C 0.064D <0.0001 ± 0.371   ± 0.023   ± 0.030   ± 0.033 0.026 
Total VFAs 36.590
A 115.210CD 119.110D 183.740E 173.970E 67.847B 79.275B 83.830BC <0.0001 ±10.294 ± 13.237 ± 11.234 ± 13.246 ± 10.715 ± 12.428 ± 10.737 ± 11.217 
aData presented as least squares means ± SEM.  
bLetters indicated differences between time points within individual VFAs (P<0.05).  

































































Acetate Propionate Butyrate Valerate Lactate
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Table 6.7: Relationships among milk yield, fecal fiber, chromic oxide, and fecal 
cellulolytic bacteria.  
 
 na rb P-value 
Fecal NDF, % vs Milk Yield, L/dc 
7 d 10 -0.6383 0.0470 
14 d 9 0.1636 0.6740 
Fecal NDF, % vs Chromic Oxide, ppm  
7 d  9 0.7878 0.0117 
14 d 9 0.6648 0.0507 
21 d 7 0.7526 0.0509 
Fecal NDF, % vs Cellulolytic bacteria, log10 cells/g feces 
7 d 11 0.8133 0.0023 
14 d 12 -0.1111 0.7309 
21 d 10 -0.22085 0.5140 
Chromic Oxide, ppm vs Milk yield, L/d  
7 d 9 -0.6966 0.0371 
14 d 8 0.4805 0.2281 
Chromic Oxide, ppm vs Cellulolytic bacteria, log10 cells/g feces 
7 d 9 0.9703 <0.0001 
14 d 9 -0.4455 0.2294 
21 d 7 0.3683 0.4163 
a Number of foal fecal samples  
b Pearson’s Correlation Coefficient  
























CHAPTER 7: CONCLUSIONS AND FUTURE DIRECTIONS 
 Understanding more about the factors predisposing foals to GIT upsets is 
important to optimize foal growth and welfare. Changes in the microbial community in 
the GIT have been reported in foals with diarrhea (Kuhl et al., 2011; Schoster et al., 
2017). However, other factors that might contribute to changes in the microbial 
community such as the diet of the foals have not been investigated. This dissertation set 
out to investigate relationships among maternal diet, mare milk yield and composition, 
microbial colonization of the foal’s GIT and incidence of diarrhea.  
 Microbial colonization begins early in the foal’s life, and a rich microbiome is 
already established within the first few days after birth (Faubladier et al., 2013; Costa et 
al., 2015b). The substrates utilized by these initial colonizers in the foal’s GIT was 
explored. Within the first few days after birth, mare milk fulfills the foal’s nutrient needs, 
and had been suggested as a substrate for the pioneer species in the foal’s GIT. In 
Chapter 3, bacteria isolated from foal feces 12 h and 28 d after birth were shown to utilize 
carbohydrates (lactose and oligosaccharides) found in mare milk. Milk oligosaccharides 
have been identified as an important prebiotic for the developing microbiome in human 
infants (Bode, 2012) and a similar role appears to exist in horses.  
In Chapters 4 and 5, the effect of maternal diet on milk yield, milk composition 
and foal GI health were investigated. Feeding mares a high NSC concentrate increased 
milk lactose compared to feeding a low NSC concentrate. Because lactose affects the 
osmotic regulation of milk production, increased lactose resulted in an increase in total 
daily milk yield. A method was developed and validated to quantify total 
oligosaccharides in mare milk. The concentration of total milk oligosaccharides was not 
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influenced by the concentrate composition. Changes over time in mare milk 
oligosaccharides were also investigated. The highest concentrations of total 
oligosaccharides were observed in samples 12 h after parturition. The concentration of 
total oligosaccharides then decreased by 7 d postpartum. The absence of a diet effect on 
total milk oligosaccharides could indicate that the factors regulating the synthesis of milk 
oligosaccharides may be different than for lactose. However, large individual variation 
among mares was also observed and may have affected the ability to detect differences. 
In addition, individual oligosaccharides were not measured, and it is possible that diet 
affected synthesis of some oligosaccharides but not others. 
There was no direct effect of the maternal diet on variables related to the foal’s 
GIT, such as fecal bacteria and incidence of diarrhea. However, the impact of the amount 
of milk produced and milk composition on the foal was investigated across treatments. 
Mares producing more milk had foals with fewer fecal cellulolytic bacteria. The 
mechanism behind this relationship was explored in Chapter 6. Foal fecal fiber was 
negatively correlated with milk yield and positively correlated with cellulolytic bacteria. 
Milk yield may affect foraging behavior in foals, with foals from low milk producing 
mares consuming more non-milk foods. Consumption of maternal feces was explored as 
a source of fiber and microorganisms for the foal’s developing microbiome. Coprophagy 
was detected in all foals, however, in some foals more than others. The amount of 
coprophagy was positively correlated with the concentration of fiber and the number of 
cellulolytic bacteria in foal feces. Thus, maternal feces appear to be an important source 
of both fiber and microbes for foals. Collectively, the observations in this dissertation 
indicated that milk carbohydrates are the likely substrate for the pioneer species in the 
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foal’s GIT, which include lactic acid producing and lactic acid utilizing bacteria. In 
addition, the consumption of fiber containing food or maternal feces appears to be related 
to the development of the cellulolytic community in the foal’s GIT that occurs between 
days 7 and 14.  
 Looking forward, there is a need for more knowledge about milk composition, 
including changes over time in individual milk oligosaccharides and their role in foal 
health, in addition to factors influencing their synthesis. Understanding more about milk 
composition is important for developing management strategies for broodmares and also 
for rearing orphan foals. This dissertation only looked at total oligosaccharides, looking 
at changes in individual oligosaccharides may provide more detail on their impact on the 
foal’s microbiota. Now that we are understanding more about the foal’s microbiota and 
the influential factors, the next steps could include exploring strategies to influence 










APPENDICES     
Appendix A: Alkaline lysis for Gram + bacterial DNA extraction procedure 
Procedure 
1. Use 1.5 or 2 mL tubes throughout the procedure 
2. Centrifuge 1.5 mL of bacterial lysis at 21,000 x g for 1 min at room temp 
3. Aspirate off media 
4. Add 150 µL of Solution #1  
5. Add 3 µL RNase and 5 µL achromopeptidase 
6. Vortex  
7. Incubate at 37 °C for 2 h 
8. Add 250 µL of Solution #2  
9. Add 25 µL proteinase K 
10. Do not vortex, mix by inversion only 
11. Incubate at 37 °C for 1 h 
12. Add 210 µL of Solution #3 
13. Mix by inversion 
14. Centrifuge at 16,000 x g for 5 min at 4 °C  
15. Remove supernatant and place in clean tube, discard pellet 
16. Add 2x volume of ethanol (typically recover 500 µL, so add 1 mL) 
17. Vortex and let sit for 2 min  (optional) 
18. Centrifuge at 16,000 x g for 5 min at 4 °C  
19. Remove ethanol by aspiration 
20. Air dry *don’t over dry* 
21. Reconstitute with 50-100 µL of double deionized water 
22. Continue on with EtOH precipitation  
 
Solution #1  
(100 mL final volume) 
Addition  Amount 
2 M Glucose    2.5 mL  
1 M Tris pH8      2.5 mL   
0.5 M EDTA    2.0 mL 
Sterile ddH2O    93 mL   
 
Solution #3 
(50 mL final volume) 
Addition  Amount 
5 M KoAc    30 mL 
Glacial Acetic Acid   5.75 mL 





(10 mL final volume) 
Addition  Amount 
10% SDS    1 mL 
10 M NaOH    200 µL 





Appendix B: Ethanol precipitation procedure 
 
1. Use 10 M Ammonium acetate (NH4-) 
2. Dilute sample with 10 mL ammonium acetate; if sample originally diluted with 50 µL 
then use 5 µL of ammonium acetate 
3. Vortex 
4. Add 2x volume of ethanol (110 µL EtOH:50 µL sample + 5µL ammonium acetate) 
5. Vortex 
6. Let sit at -20 °C for at least 30 min (or overnight) 
7. Spin 4 °C for 10 min at 16,000 x g 
8. Remove supernatant 
9. Aspirate off completely, pellet sticks fairly tight to side, dry pellet  




































Appendix C: Time and date of foaling and 12 h foal fecal sample 
 
Name  Foaling Date 
Foaling 
Time 
Age of foal at 
sample (h:m) 
Emerlaude ‘17 05/05/2017 11:30 PM 10:51 
Whom Shall I Fear ‘17 05/10/2017 02:49 AM 05:07 
So Beautiful ‘17 05/10/2017 10:25 PM 09:15 
True Tear Drops ‘17 05/10/2017 10:38 PM 11:47 
Peppermint Jones ‘17 05/11/2017 11:24 PM 15:08 
Sh Sh Shakin ‘17 05/17/2017 11:52 PM 11:38 



























































































































































































































































































































































































































































































































































































































Appendix E: Morphology and Gram staining of bacterial isolates from foal feces 
 
Bacterial Isolate Gram staining Morphology Phylum 
Streptococcus spp. Pos Cocci Firmicutes 
Escherichia/Shigella spp. Neg Rod-shaped Proteobacteria 
Bacteroides fragilis Neg Rod-shaped Bacteroidetes 
Enterococcus gallinarum Pos Cocci Firmicutes 
Enterococcus faecalis Pos Cocci Firmicutes 
Actinobacillus equuli Neg Coccobacillus Proteobacteria 
Lachnoclostridium spp. Pos Rod-shaped Firmicutes 
Blautia luti Pos Coccobacillus Firmicutes 
























Appendix F: Phosphate buffered saline (PBS)  
(1 Liter) 
1. Start with 800 mL of double distilled H2O 
2. Add 8 g of NaCl 
3. Add 0.20 g of KCl 
4. Add 1.44 g of Na2HPO4 
5. Add 0.24 g of KH2PO4 
6. Adjust pH to 7.4 with HCl 
7. Add double distilled H2O until a total volume of 1 Liter 
8. Autoclave for 20 min at 121 °C Liquid Cycle 
9. Remove from autoclave at 90 °C and immediately place under N2 gas 
10. Cool to room temperature under N2 gas 
11. Dispense into tubes 9 mL per Hungate tube while gasing with N2 
12. Autoclave tubes for 20 min at 121 °C  
















Appendix G: Total starch-utilizing bacteria medium  
(1 Liter) 
1. Start with 800 mL of double distilled H2O 
2. Add 40 mL of Salt A 
3. Add 40 mL of Salt B 
4. Add 0.60 g of Cysteine Hydrochloride  
5. Add 0.50 g of Yeast Extract 
6. Add 1.00 g of Trypticase  
7. Add 10 g of Soluble Potato Starch  
8. Add 120 mL of double distilled H2O  
9. Heat with frequent agitation and boil for 1 min to completely dissolve starch 
10. Cool to room temperature 
11. Adjust pH to 6.5 with NaOH 
12. Autoclave for 20 min at 121 °C Liquid Cycle 
13. Remove from autoclave at 90 °C and immediately place under CO2 gas 
14. Cool to room temperature under CO2 gas 
15. Add 4 g of Na2CO3 
16. Transfer to anaerobic chamber and dispense 9 mL into Hungate tubes 
17. Autoclave tubes for 20 min at 121 °C  










Appendix H: Lactate-utilizing bacteria medium 
 
(1 Liter) 
1. Start with 800 mL of double distilled H2O 
2. Add 60 mL of Salt A 
3. Add 60 mL of Salt B 
4. Add 100 mg of cysteine hydrochloride 
5. Add 200 mg of yeast extract 
6. Add 20 g of trypticase 
7. Add 7.67 umol/L hemin 
8. Add 220 mmol/L lactic acid 
9. Add 10 mL of trace elements solution  
10. Add 10 mL of vitamins solution 
11. Add 10 mL of VFA solution  
12. Add double distilled H2O until a total volume of 1 L 
13. Adjust pH to 6.8 with NaOH 
a. pH adjustments requires addition of NaOH pellets 
14. Autoclave 20 min at 121 C liquid cycle  
15. Remove from autoclave at 90 C and immediately place under CO2 gas 
16. Allow to cool until cool to the touch  
17. Add 4 g of Na2CO3 
18. Allocate to tubes under CO2 atmosphere  
19. Autoclave prepared tubes 20 min at 121 C liquid cycle  
20. Ready for use 
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Appendix I: Cellulolytic defined medium (PC+VFA+PAA) 
(1 Liter) 
1. Start with 800 mL of double distilled H2O 
2. Add 40 mL of Salt A 
3. Add 40 mL of Salt B 
4. Add 0.50 g of Yeast Extract 
5. Add 1.00 g of Trypticase 
6. Add 0.60 g of Cysteine Hydrochloride  
7. Add 1 mg of Phenylacetate  
8. Add 3.1 mL of VFA solution 
9. Add 1 mL of resazurin solution  
10. Adjust pH to 6.5 with NaOH 
11. Autoclave for 20 min at 121 °C Liquid Cycle 
12. Remove from autoclave at 90 °C and immediately place under CO2 gass 
13. Cool to room temperature under CO2 gas 
14. Add 4 g Na2CO3  
15. Transfer to anaerobic chamber and dispense 9 mL per Hungate tube  
16. Autoclave tubes for 20 min at 121 °C  











Appendix J: Rogosa agar medium 
(1 Liter) 
1. Suspend 75 g of Rogosa powder in 1 L of double deionized water 
2. Heat with frequent agitation and boil for 1 min to completely dissolve the powder 
3. Add 1.32 mL of glacial acetic acid. Mix well and boil for 2-3 min 
4. Do not autoclave 
5. Wait until cool to touch and pour ~25 mL per plate 























Appendix K: Medium additions  
Salt A 
(per Liter) 
1. Add 7.3 g of K2HPO4 * 3H2O or 6.0 g of K2HPO4 




1. Begin with 1 L of double distilled H2O 
2. Add the following one at a time 
a. 6.0 g of KH2PO4 
b. 12.0 g of (NH4)2SO4 
c. 12.0 g of NaCl 
d. 2.5 g of MgSO4 * 7H2O  
e. 1.6 g of CaCl2*2H2O 
3. Ready for Use 
 
Volatile Fatty Acid Solution 
(1 Liter of solution) 
1. 408 mL acetate 
2. 144 mL propionate 
3. 72 mL butyrate 
4. 24 mL valerate 
5. 24 mL isovalerate 
6. 24 mL isobutyrate 
7. 24 mL 2-methyl butyrate  
8. Adjust to 1 L with double distilled H2O 









A. Acid Manganese Sulfate (1 L final volume)  
a. Manganese sulfate (MnSO4-1H2O) 2.27 g 
b. Phosphoric acid, 85%  970 mL  
c. Dissolve manganese sulfate in 30 mL water then carefully add to 970 mL 
phosphoric acid.  
B. Potassium Bromate, 4.5%  
a. Potassium bromate (KBrO3) 45 g 
b. Dissolve in water to make 1 L of solution  
C. Calcium, 4000 ppm 
a. Calcium chloride  14.65 g 
b. Dissolve in water to make 1 L of solution  
Standards  
A. Stock standard: Chromium Reference Solution, 1000 ppm, Fisher #SC19-500 
B. Working Stock Standard, 100 ppm 
a. Dilute Stock Standard 1:10 
b. 5 mL of Stock Standard using volumetric pipette, dilute to 50 mL in 
volumetric flask  
C. Working standards: pipette appropriate amount of working standard into 100 mL 
volumetric flasks and fill to volume with water  
mL Working 







1. Ash approximately 0.5 g of dry, ground sample in duplicate (0.4 g for fecal 
samples) in quartz crucible at 600 C for at least 8 hr  
 
2. Allow samples to cool completely 
 
3. Add 4 mL of potassium bromate, being careful not to blow any ash from the 




4. Add 3 mL of acid manganese sulfate, should be purple color  
 
5. Place on preheated hot plate to digest ash. Simmer (small bubbles) for 20 min or 
until golden color and clear, do not boil! Add water as needed while simmering 
 
6. While crucibles are cooling, add 12.5 mL calcium solution to plastic specimen 
cups 
 
7. Allow crucibles to cool, then transfer solution into plastic specimen cup washing 
completely with water 
 
8. Dilute samples with water to 100 mL  
 
9. Allow solution to stand overnight to let suspended particles settle  
 
10. Read on atomic absorption spectrophotometer following appropriate instrument 
instructions 
 



















Appendix M: Neutral detergent solution for analysis of fecal neutral detergent fiber 
using the Ankom 200 Fiber Analyzer 
 
Reagents  
- 30 g of sodium lauryl sulfate 
- 18.61 g ethylenediaminetetraacetic disodium salt, dehydrate 
- 6.1 g sodium phosphate dibasic, anhydrous 
- 10.0 mL triethylene glycol 



















Appendix N: Information on mares fed either high or low nonstructural carbohydrate 
(NSC) concentrate described in Chapters 4 and 5 




Foaling Date Experimental Concentrate  
Emerald Buddhaa 13 3/20/2017  LC 
Kalistoga Girl 7 4/29/2017 4/2/2018 LC 
Kentucky Cat 19 4/23/2017 4/14/2018 LC 
Skindy 13 5/6/2017 4/16/2018 LC 
Chatelian 17 4/26/2017 4/20/2018 LC 
Brave Boco 17 5/15/2017 4/22/2018 LC 
Peppermint Jones 9 6/2/2017 5/6/2018 LC 
Whom Shall I Fear 12 6/2/2017 5/21/2018 LC 
Delighted Cata 16 5/22/2017 4/28/2018 LC 
Run Carrie Run 12 3/31/2017 3/29/2018 HC 
Contrition 16 5/4/2017 4/11/2018 HC 
Italian Opera 11 4/27/2017 4/11/2018 HC 
Spectacular Morgan 17 4/26/2017 4/12/2018 HC 
Vickie’s Girl 10 5/21/2017 4/25/2018 HC 
Opera Song 17 5/14/2017 4/26/2018 HC 
Sweet Champagne 15 5/14/2017 4/30/2018 HC 
Charlotte’s Di 15 5/25/2017 5/7/2018 HC 
Bran Bran 5 5/31/2017 5/22/2018 HC 
     
Avg Age (yr) High NSC    13.5 Low NSC 13.2 
     
a Mares experienced complication during or shortly after parturition requiring treatment and 
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